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SBCnON  1 
INTBOOtX^nON 


This  snnu&l  report  describes  Hughes  Research  Laboratories’ 
(HRL)  investigation  of  millimeter-wave  generation  via  plasma 
three-wave  mixing.  Specifically,  we  examined  the  plasma-physics 
issues  relating  to  the  generation  of  millimeter  waves  via  the 
nonlinear  interaction  of  two  electron-beam-driven  electrostatic 
plasma  waves.  The  program  supported  an  experimental  effort  to 
investigate  the  scaling  of  millimeter-wave  power,  frequency,  and 
modulation  with  electron-beam  and  plasma  parameters.  We  also 
conducted  a  comparison  of  experimental  results  with  theoretical 
studies  performed  by  M.  Rosenberg  and  N.A.  Krall  of  JAYCOR 
(,San  Diego,  Calif.). 

Our  approach  to  this  investigation  is  to  employ  two 
counterin jected  electron  beams  in  a  plasma-loaded  waveguide  to 
drive  counterstreaming  electron  plasma  waves  (EPWs) .  The 
nonlinear  coupling  of  these  waves  generates  an  electromagnetic 
waveguide  mode  that  oscillates  at  twice  the  plasma  frequency. 
Independent  control  of  waveguide  plasaia  density,  gas  species, 
beam  voltage,  and  beam  current  allows  a  careful  parametric  study 
of  three-wave  mixing  physics.  Although  there  have  been  earlier 
experimental  studies  of  radiation  generation  in  a  plasaui  at  twice 
the  plasma  frequency , ^ our  program  is  the  first  to  use  high- 
power  (<00  kV,  <6.5  A)  beams  in  a  high-density,  plasma-filled 
waveguide  to  generate  substantial  radiation  power  levels  (<8  kW) 
at  millimeter-wave  frequencies. 

We  made  significant  progress  toward  understanding  and 
experimentally  demonstrating  the  basic  physics  of  plasma  three- 
wave  mixing  in  the  past  year.  The  following  iteaw  summarize  our 
accomplishments  and  experimental  results  to  date. 

I 
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Significant  millimeter-wave  radiation  is  observed  only 
when  beasM  counterstream  and  only  when  each  beam  current 
in  adjusted  above  a  threshold  of  about  1.5  A. 

Frequency  equals  twice  the  plasma  frequency,  and  scales 
as  up  to  60  GHs. 

Peak  radiation  power  was  <8  kW  with  peak  efficiency  <A%. 

We  learned  that  power  and  efficiency  increase 
nonlinearly  with  beam  current. 

Power  increases  with  ion  mass. 

Radiation  is  coherent,  but  is  amplitude  modulated  at 
frequencies  <Wpi. 

Modulation  frequency  ("40  MHz)  scales  as 

Beam-voltage  tuning  is  required  only  at  low 

current  (corresponds  to  weak-turbulence  regime) . 

Optimum  beam  voltage  increases  with  frequency /plaszia 
density  (30  kV  at  30  GHz,  43  kV  at  60  GHz  for  15-cm-long 
plasma) . 

Beam  steering  via  quadrupole  fields  optimizes  power. 

Bennett  pinch  dominates  beam  dynamics  and  power  scaling. 

Radiation  modulation  depends  on  waveguide  plasma  densi  ty 
and  beam  current,  and  correlates  with  electrostatic 
probe  measurements. 

Experiments  performed  using  a  1 . 9-cm-long  beam- 
interaction  cavity  demonstrate  that  the  cavity  boundary 
conditions  determine  the  allowed  electron-plasma-wave 
modes . 

Radiation  power  nearly  saturates  at  high  beam  current 
when  low  background  gas  pressure  is  used. 

Hollow-Cathode-Plasma  (HCP)  electron-gun  development 
under  Hughes  Aircraft  IRftD  indicates  beam  current 
densities  up  to  50  A/cm^  will  be  available  after  a 
system  upgrade  is  performed  next  year . 
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In  tha  following  aactiona  we  will  review  our  aignificant 
taclmieal  progress  in  understanding  and  demonstrating  the  basic 
physios  of  millimeter-wave  generation  via  plasma  three-wave 
mixing.  In  Section  2  we  present  a  simple  plasma  three-wave 
mixing  theoretical  model.  This  is  followed  by  a  discussion  of 
the  experimental  configuration.  In  Section  3  we  present  our 
experimental  results «  including  radiation  power  and  modulation 
scaling  with  beam  current,  plasma  density,  and  waveguide  cavity 
length.  A  draft  of  a  paper  which  is  being  prepared  for  Physics 
of  Fluids  is  enclosed  in  Appendix  A. 
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SBCTION  2 
APPtOACH 


In  this  section  we  present  our  simple  theoretical  model 
describing  the  plasma  three-wave  mixing  process.  We  conclude 
with  a  description  of  the  experimental  apparatus  which  utilizes 
the  three-wave  mixing  process  to  efficiently  generate 
electromagnetic  radiation  (efficiency  £4X) . 

2.1  THBORY 

Plasma  three-wave  mixing  is  based  on  the  beam-plasma- 
interaction  problem* ’ *  that  has  been  explored  in  numerous 
publications  for  almost  40  years.  Beam-plasma  phenomena  for 
radiation  generation  is  attractive  because  of  the  ease  with  which 
intense,  high-frequency  electron-plasma  waves  (BPWs)  can  be 
excited  when  a  high-power  electron  beam  is  injected  into  a  dense 
plasma.  However,  the  problem  of  efficiently  coupling  the  power 
in  the  electrostatic  waves  to  a  radiation  field  has  hindered^  all 
previous  attempts  to  use  plasmas  in  millimeter-wave  sources  or 
amplifiers.  In  the  following  theoretical  discussion,  we  will 
summarize  the  basic  physics  of  beam-driven  EPWs  and  present  a 
simple  kinematic  model  for  the  nonlinear  coupling  of  two  BPWs  to 
the  radiation  field  in  a  plasma-filled  waveguide. 

2.1.1.  Bxcitation  of  BPWs 

We  begin  the  discussion  by  restricting  the  treatment  to  a 
weak,  cold  beam  with  density  n^  and  velocity  v^ .  By  "weak"  beam 
we  mean  that  the  ratio  of  beam  density  to  plasma  electron 
density, 


is  small  compared  with  unity  (€<<1) ;  by  "cold  beam"  we  mean  that 
the  beam  temperature  is  much  less  than  the  beam  energy. 
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Under  these  conditions,  linear  hydrodynamic  theory®’®'®'® 
(electron-beam  flow  through  an  electron  fluid  that  is  stationary 
in  the  lab  frame  with  a  fixed  ion  background)  shows  that  the  beam 
will  excite  EPWs  with  phase  velocity 


u> 

— £ 

k  ■  '"b  » 


(2) 


and,  with  the  well-known  Bohm-Gross  dispersion, 


2  2  2  2  2 
u  =  w  +  3k  V  ,  -  w* 

e  p  e  th  p 


(3) 


where  w.  and  k,  are  the  EPW  frequency  and  wave  number,  is  the 

plasma-electron  thermal  speed,  and  is  the  plasma  frequency 
given  by 


4irn  e 
e 


,1/2 


m. 


(4) 


Because  v^^  much  less  than  ,  the  second  term  in  Eq.  (3)  is 
much  less  than  Wp*,  so  we  have  u^-Wp.  The  waves  will  grow  along 
the  beam  trajectory  with  temporal  growth  rate. 


3*''®  .1/3 
24/3  e 


(5) 


and  spatial  growth  rate,^* 


r 


z 


,1/6 

2^/3 


.1/3 


(6) 


The  linewidth  of  the  excited  waves  expressed  in  terms  of  wave 
number  spread  is  also  related  to  beam  strength  e  according  to 
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(7) 


^  3  ,1/3 

2^/6 


Nonlinear  theory*'®  shows  that  the  EPW  gains  energy  from  the 
beam  until  it  saturates  by  trapping  beam  electrons  and  broadening 
the  beam-velocity  distribution  function.  The  saturated  energy 
density  in  the  EPW  is  given  by 


iEfi  fe1 

~  4ir  ^  2  I2J 


(8) 


Because  the  factor  n^ffl^v^^/2  is  just  the  energy  density  in  the 
electron  beam,  Eq.  (8)  shows  that  the  fraction  of  beam  energy 
coupled  to  EPW  energy  is  ~(c/2)*'^*.  Note  that  for  n^/n.  =  4%,  up 
to  27^  of  the  beam  energy  can  be  transferred  to  the  EPWs . 

The  ratio  W/n,T,  (where  n.T,  is  the  plasma  energy  density) 
quantifies  the  strength  of  the  beam-plasma  interaction.  For 
W/n,T*  greater  than  a  few  percent,  the  electric  fields  in  the  EPW 
begin  to  modify  the  plasma  through  ponderomotive-force  effects. 

In  this  regime  the  EPWs  and  the  plasma  become  strongly  coupled 
and  the  beam-plasma  system  is  said  to  be  in  the  strong  turbulence 
regime.  In  the  opposite  limit,  where  W  is  so  small  that 


■  <«) 

where  Xq  is  the  electron  Debye  length  [X|)  =  (kT,/45rn,e*)  ^  ^  ,  the 

beam-plasma  system  is  said  to  be  weakly  turbulent. 


2.1.2.  Coupling  of  the  BPWs  to  the  Badiation  Field 

The  oscillating  field  of  the  EPW  contains  the  power  that  we 
wish  to  extract  from  the  electron  beam,  but  the  power  is  trapped 
in  the  plasma  as  an  electrostatic  wave  and  must  be  coupled  out  in 
some  manner  as  an  electromagnetic  mode.  The  Hughes  solution  to 
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the  coupling  problem  is  to  use  two  counterstreaming  electron 
beams  to  excite  two  counterstreaming  EPWs,  as  shown  in  Figure  1. 
These  two  waves  are  then  nonlinearly  coupled  to  a  TM 
electromagnetic  waveguide  mode  via  plasma  three-wave  mixing.  In 
this  process,  the  electric  field  of  one  wave  induces  a  velocity 
increment  6v,  in  the  electron  density  fluctuations  6n^  present  in 
the  second  wave,  thereby  generating  a  nonlinear  source  current 
that  is  expressed  as 


J  =  e6n  6v  (10) 

This  source  current  is  nonlinear  because  it  is  a  product  of  two 
first-order  fluctuations  of  the  two  linear,  primary  waves. 

The  plasma  three-wave-mixing  process  caji  be  described 
quantitatively  by  using  the  dispersion  relation  for  the  plasma- 
loaded-waveguide  mode  and  the  energy  and  momentum  conservation 
relations  for  three-wave  mixing: 


[dispersion]  «  ^  =  w  ^  +  w  ^  +  k  ^c^  (11) 

opco 

[energy  conservation]  =  w  -«■  b>  -  2u/  (12) 

[momentum  conservation]  k  +  ^  =  Ic  (13) 

®l  ®2  ° 

In  these  relations  w,  is  the  electromagnetic-waveguide-mode 
frequency;  Wpj  and  Wpj  angular  frequencies;  u/g  is  the 

waveguide-cutoff  frequency  in  vacuum;  k^j  and  k^2  bhe  EPW 

wave  numbers;  and  k,  is  the  electromakgnetic  wave  number. 
Dispersion  for  each  beam-mode  plasma  wave  is  described  by 
Eq.  (2) .  As  a  consequence  of  wave-energy  conservation 
[Eq.  (12)],  the  current  J  [of  Eq.  (10)]  oscillates  at  twice  the 
EPW  frequency.  The  oscillating  axial  current  then  couples  to  a 
TM  electromagnetic  waveguide  mode  at  2i/p . 
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Figure  1.  Beaa-plasma-waveguide  system. 
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The  beam  speeds,  and  thus  the  phase  velocities  of  the  EPWs , 
are  always  smaller  than  the  phase  velocity  (>c)  of  the 
electromagnetic  wave.  Consequently,  and  k,2  will  be  larger 

than  k, .  To  satisfy  Eq.  (13)  with  collinear,  but  oppositely 
directed  EPWs ,  the  two  electron-beam  speeds  must  therefore  be 
unequal  for  finite  k^ .  Cutoff  waveguide  modes  with  ke=0  will  be 
excited  for  equal  beam  speeds.  The  beam-speed  difference  can  be 
expressed  in  terms  of  the  plasma-waveguide  parameters  by  solving 
Eqs .  (2),  (3),  (11),  (12),  and  (13)  simultaneously.  Inserting 
Eq.  (12)  into  (11)  and  solving  for  k^ ,  we  obtain  the  waveguide¬ 
mode  wave  number ; 


c 


(14) 


This  equation  shows  that  must  be  greater  than  or  equal  to 
3*1/2  order  to  couple  to  a  waveguide  mode.  Inserting 

Eqs.  (2)  and  (3)  into  (13)  and  equating  the  result  to  (14),  we 
obtain  the  desired  equation  that  relates  the  beam  speeds  to  the 
plasma-waveguide  parameters: 


In  this  equation,  v^^  is  the  speed  of  the  slow  beam  from  the  low- 
voltage  gun  and  v^2  the  speed  of  the  fast  beam  from  the  high- 
voltage  gun.  Note  that  this  tuning  condition  is  applicable  only 
to  weak  beams  (n^/n,  <10'^).  In  the  strong-beam  case  (strong- 
turbulence  regime) ,  a  broad  spectrum  of  EPW  wave  numbers  can  be 
generated,  and  the  velocity  requirements  in  Eq.  (15)  can  be 
relaxed.  Note  also  that  for  high-order  TM  modes  with  large 

Eq.  (13)  requires  that  the  two  beam  speeds  be  closely 

matched . 
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The  dispersion  relations  described  by  Eqs.  (2),  (3),  (11), 
(12),  and  (13)  are  plotted  in  Figure  2.  The  plot  shows  how  two 
oppositely  directed  EPWs  with  different  phase  velocities  (Wp/k«i 
and  coupled  to  a  third  space-charge  wave  with 

dispersion 


A  plasma- loaded-waveguide  mode  is  excited  at  the  intersection  of 
this  coupled  space-charge  wave  with  the  electromagnetic 
dispersion  curve. 

As  an  example  of  a  solution  to  Eq.  (15),  consider  an 
experiment  with  a  3.81-cm-diaffleter  waveguide  operating  in  V-band 
at  i/«=50  GHz.  The  plasma  frequency  t/p  will  be  25  GHz,  so  Eq.  (4) 
indicates  that  the  waveguide  plasma  density  must  be 
7.8x10^^  cm~*.  The  cutoff  frequency  i/^  of  the  Tll^x  mode  in  the 
waveguide  in  vacuum  is  6  GHz.  If  the  energy  of  the  fast  electron 
beam  is  chosen  at  60  kV,  then  the  slow-beam  energy  must  be  18  kV 
in  order  to  satisfy  Eq.  (15).  However,  if  a  higher-order  Tli„, 
mode  is  excited  with  i/e~43  GHz,  Eq.  (15)  requires  that  the  beam 
energies  be  equal . 

3.2  EXPESnilNTAL  COMFIGUBATION 

Millimeter-wave  generation  via  plasma  three-wave  mixing  is 
being  investigated  using  the  beam-plasma-waveguide  system  shown 
in  Figure  1.  Two  electron  beams  are  counter injected  into  a 
plasma- loaded  circular  waveguide,  where  they  generate  EPWs.  The 
counterstreaming  EPWs  nonl inear ly  couple  via  the  three-wave¬ 
mixing  mechanism  to  generate  a  TM  waveguide  mode,  which  then 
propagates  down  the  guide  in  the  direction  of  the  slower  beam  (as 
a  consequence  of  momentum  conservation) .  Consistent  with  energy 
conservation,  the  radiation  frequency  is  centered  at  twice  the 
plasma  frequency.  The  plasma  and  beam  parameters  are  listed  in 
Table  1 . 
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Figure  2.  Dispersion  relations  for  plasma  three-wave 
mixing. 
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Table  1.  Experiment  Parameters. 


•  GAS 

•  PLASMA 

•  BEAMS 


^2'  O'”  **  1  TO  ^  mtorr 

typically  He  at  24  mtorr 

n,  *2x  10^^  cm'2  to  10^^  cm”^ 
Te^SeV 

Vq  <  90  kV.  typically  20>50  kV 
IgO.SA 
Ta  > 15  aV 
J0  <  4  A/cm^ 

oq  <  6  X  10®  cm"®.  0.03%  <  ng/n,  <  3% 


•  WAVEGUIDE  :  3.8-cm  diameter 

15<m,  1.9-cm  long 

e  RADIATION  :  7-60  GHx,  peak  power  <  8  kW 


I 

I 
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Figure  3  is  a  diagram  of  the  experimental  apparatus  assembler 
for  our  investigation.  High-density  plasma  (£1x10^®  cm'^)  is 
generated  by  a  multiwire,  wire-anode  discharge  * ^ ^ ^  in  the 
annular  space  surrounding  a  3 . 8-cm-diameter  perforated  waveguide 
at  helium-gas  pressure  in  the  10-to-  65-mTorr  range.  The 
microperforations  allow  both  ionizing  discharge  electrons  and 
background  plasma  to  penetrate  the  waveguide,  thus  loading  it 
with  a  high-density,  quiescent  plasma.  The  perforations  are 
large  compared  with  a  Debye  length,  but  small  compared  with  the 
electromagnetic  wavelength;  therefore,  radiation  remains  trapped 
in  the  guide  while  plasma  can  pass  through  freely.  Both  ends  of 
the  circular  waveguide  are  terminated  by  highly  transparent  grids 
(805{)  .  Radiation  is  coupled  out  of  this  waveguide-cavity 
configuration  through  rectangular  waveguides  that  are  oriented  to 
align  the  electric-field  vector  of  the  TE10  (rectangular- 
waveguide)  mode  with  the  axial  electric  field  of  a  TM  mode  in  the 
circular  waveguide. 

Secondary-emission  electron  guns^^>^^  are  used  to  generate 
the  electron  beams.  As  shown  in  Figure  3,  each  gun  employs  a 
separate  wire-anode  discharge  in  the  region  between  the  waveguide 
and  the  electron-gun  cathode.  The  plasma  in  this  discharge  is 
partially  confined  between  the  waveguide-terminating  grid  on  one 
side  and  a  similar  grid  on  the  opposite  side  near  the  cathode. 
This  latter  grid  also  serves  as  the  anode  for  the  electron  gun. 

A  fraction  of  the  ions  produced  in  this  plasma  are  extracted 
through  the  anode  grid  and  are  accelerated  to  the  cathode  (which 
is  continuously  held  at  negative  high  voltage)  where  they  bombard 
the  molybdeniiffl  electrode  surface  and  produce  secondary  electrons 
These  electrons  are  accelerated  back  through  the  cathode-anode 
gap,  foi*ming  a  high-energy  beam.  The  beam  then  passes  through 
the  anode  grid  and  the  waveguide-terminating  grid  and  is  injected 
into  the  waveguide  with  low  (~36X)  loss  to  the  grid  structures 
The  beam  then  propagates  through  the  plasma-filled  waveguide 
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Figure  3.  Experimental  beam-plasma  apparatus. 
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where  ion  charge  in  the  plasma  neutralizes  the  electron  space 
charge  in  the  besjn.  This  "ion— focusing"  effect  allows  the  beams 
to  propagate  without  having  to  use  magnetic-focusing  fields. 

The  utility  of  the  secondary-emission  gun  is  based  on  the 
high  secondary-emission  yield  7«,  which  is  obtained  when  high- 
energy  ions  strike  gas-covered  cathode-electrode  materials.  For 
example,  varies  from  S  to  15  when  helium  ions  in  the  35-to- 
150-kV  range  strike  a  molybdeniim  cathode  in  the  presence  of 
20  mTorr  of  helium  gas.^^ 

The  electron-beam  current  is  controlled  at  low  voltage  by 
modulating  the  (O-kV)  wire-anode  discharge  at  the  ground- 
potential  environment  of  the  anode  electrode.  Because  the  plasma 
is  confined  within  the  gridded-anode  structure  (plasma  electrons 
are  unable  to  overcome  the  ~l-kV  discharge-cathode  drop  to 
penetrate  the  gridded  structure  for  ion  current  densities  up  to 
some  limit) ,  plasma  closure  of  the  high-voltage  gap  cannot  occur 
and  long-pulse  (»1  >ts)  operation  is  achieved.  Modulation  of  the 
plasma  source  modulates  the  ion  fltix  incident  upon  the  cathode, 
which  in  turn  controls  the  beam  current.  A  mono-energetic  beam 
is  obtained  throughout  the  beam  pulse  because  the  electron-beam 
is  switched  ON  and  OFF  by  the  plasma  source  and  not  by  the  high- 
voltage  supply  for  the  cathode.  Low-energy  electrons  produced 
from  the  rise  and  fall  of  the  cathode  voltage  in  conventional 
pulsed  beams  are  not  present.  All  this  is  accomplished  without 
heater  power  and  without  high-vacuum-environment  requirements, 
because  the  metallic  cathode  used  in  the  secondary-emission  gun 
cannot  be  poisoned. 

The  experiment  is  typically  operated  with  10-  to  25-/is-wide 
flat-top  pulses  at  a  pulse-repetition  frequency  of  1  Hz. 

Circuits  used  to  generate  the  plasma-discharge  and  beam  pulses 
are  shown  in  Figure  4.  A  25-^s  pulse-forming  network  (PFN)  is 
employed  to  drive  current  pulses  up  to  800  A  in  the  main 
waveguide-plasma-discharge  section.  A  higher-impedance  18-/is  PFN 
drives  the  wire-anode  discharge  in  the  low-voltage  electron  gun 
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Figure  4.  Schematic  of  plasma-discharge  and 

electron-beam  pulsed-power  circuits. 
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(LV  E-gun).  GL-7703  ignitrons  are  used  as  closing  switches  to 
discharge  both  PFNs .  The  wire  anode  discharge  in  the  high- 
voltage  (HV)  E-gun  is  modulated  by  a  circuit  consisting  of  a 
capacitor  and  a  XTRQN-3  CRQSSATRON**  Modulator  Switch  (CMS)  .  ^  ^  ^  ® 
The  Hughes  CMS  is  an  advanced  thyratron-l ike  device  that  both 
closes  and  opens  under  grid  control,  so  square-wave  pulses  can  be 
obtained  in  hard-tube-modulator  fashion  without  having  to  use  a 
fixed-pulse-length  PFN.  The  E-gun  wire-anode  current  pulses  are 
typically  10  to  100  A.  Finally,  capacitors  are  used  to 
continuously  maintain  high  voltage  on  the  £-gun  cathodes  through 
1-kn  current-limiting  resistors.  The  HV  E-gun  is  designed  to 
operate  up  to  120  kV,  and  the  LV  E-gun  up  to  50  kV. 

Each  of  the  five  circuits  shown  in  Figure  4  is  instrumented 
with  high-voltage  probes  and  Pearson  current  transformers  (CT) . 
These  diagnostics,  as  well  as  the  Langmuir  probes,  are  interfaced 
to  an  11-channel  IBM-PC/AT-based  data-acquisition  system  and 
oscilloscope  array,  which  are  housed  within  an  RFI-screen  room. 
The  output  waveguides  are  also  fed  into  the  screen  room  where  the 
radiation  is  analyzed  by  a  network  of  millimeter-wave  detectors, 
filters,  attenuators,  and  mixers.  Figure  5  is  a  schematic 
drawing  of  the  millimeter-wave  detection  system.  The  bandwidth 
of  the  storage  oscilloscopes  is  100  MHz  and  the  maximum  sampling 
rate  of  the  analog- to-digital  converters  in  the  computer  is 
1  GHz. 
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Figure  5.  Millimeter-wave  diagnostics  and  power 
measurement  system. 
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SBCTION  3 


RSSBAECH  PB06RBSS 

In  the  following  section  we  review  our  significant  technical 
progress  in  understanding  and  deaonstmtlng  the  basic  physics  of 
millimeter-wave  generation  via  plasma  three‘-wave  mixing.  We 
describe  our  recent  experiments  invthftig^ing  radiation 
modulation  dependence  on  beam  and  w^egvi'de  plasma  parameters, 
observation  of  cavity  modes  in  a  short  1.0-om-long  waveguide 
cavity,  and  attempts  to  increase  the  beam  current  to  reach 
saturation  of  the  three-wave  mixing  process. 

Appendix  A  contains  a  p#eliminary  draft  of  a  paper  we  are 
preparing  for  publication  in  collaboration  with  Drs.  N.  Krall  and 
M.  Rosenberg.  The  paper  includes  a  siumnary  of  the  research 
performed  during  past  years  under  this  program. 

3.1  RADIATION  MODULATION  CHARACTERISTICS  IN  15-ea-L0N6  CAVITY 

The  radiation  produc^lP^y  the  three-wave  mixing  process  is 
strongly  amplitude  modulated.  In  the  experiments  described  in 
this  section,  we  found  that  the  modulation  depends  on  the  beam 
current  and  the  waveguide  plasma  density,  and  is  also  correlated 
with  the  local  electrostatic  oscillations  in  the  plasma. 

Experiments  p'erformi^||i|^ing  past  years  under  this  program 
established  that  ^liis  output  power  is  stron^y  modulated  on  a  time 
scale  that  is  near  the  ion-plasma  frequency  —  behavior  that  is 
also  characteristic  of  nonlinear  bean-plaa^  instabilities. 

Figure  6  shows  that  the  radiation  at  35  GHz  is  actually  emitted 
in  random  spikes  with  half-widths  of  ~10  ns.  The  spikes  could  be 
even  narrower  because  the  bandwidth  limit  of  the  oscilloscope  was 
100  MHz.  Using  the  beam-plasma  parameters  listed  in  Figure  6, 
together  with  Eq.  (8) ,  we  estimate  the  ratio  of  EPW  energy 
density  to  plasma  energy  density,  Wfpi^/n.T*,  to  be  about  7x10'^. 
The  beam-plasma  interaction  in  the  experiment  is  strongly 
turbulent,  because  this  ratio  exceeds  the  weak  turbulence 
parameter  (k.Xo)*  by  3  orders  of  magnitude. 
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Figure  6.  Output  mm'Wave  radiation  is  strongly 

modulated  on  a  time  scale  that  is  near 
the  ion-plasma  frequency.  Experiment 
parameters  corresponding  to  the  observed 
35-GHz  radiation  are  listed  below  the 
oscilloscope  waveform. 
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The  fflillimeter-wave  modulation  frequency  decreases  as  the  ion 
mass  is  increased.  Oscilloscope  photos  of  the  crystal  detector 
output  for  five  different  gases  (i.e.,  hydrogen,  helium,  argon, 
krypton,  and  xenon)  are  shown  in  Figure  7.  These  data  are 
reduced  to  a  quantitative  form  in  Figure  8,  where  the  modulation 
inter-pulse  period  (IPP)  and  pulse  width  are  plotted  versus  ion 
mass .  The  parameters  scale  approximately  with  the  square  root  of 
the  ion  mass.  These  data  clearly  indicate  that  ion  dynamics  is 
important  in  determining  the  characteristics  of  the  millimeter- 
wave  radiation.  The  modulation  could  be  caused  by  ion  acoustic 
waves,  which  are  known  to  be  generated  by  parametric-decay 
instabilities  in  strong-EPW-turbulent  systems. 

8.1.1  Scaling  With  Waveguide  Plasma  Density 

The  radiation  modulation  changes  from  a  nearly  continuous 
emission  process  at  low  discharge  current,  to  a  more  ordered, 
burst  emission  at  high  discharge  current.  Figure  9  shows  the 
change  in  the  modulation  of  36-GHz  radiation  (filter  pass- 
band  s  35  to  37  GHz)  as  the  waveguide  plasma  density  is 
increased.  At  230  A,  the  radiation  consists  of  many  very 
narrow-width  (5  to  25  ns  wide)  spikes  with  a  short  inter-pulse 
period  of  about  10  to  50  ns.  The  radiation  is  emitted 
continuously  and  we  do  not  observe  periods  when  the  radiation 
power  drops  to  zero.  However,  when  the  discharge  current  is 
increased  to  310  A,  the  bursts  become  wider  (50  to  100  ns) ,  the 
IPP  increases  to  100  to  200  ns,  and  the  signal  amplitude  between 
bursts  is  low  compared  with  the  peak  amplitude. 

These  characteristics  are  also  exhibited  at  higher  discharge 
currents.  Figure  10  compares  the  Ka-band  emission  measured  with 
waveguide  discharge  currents  equal  to  500  and  200  A.  At  500  A, 
the  emission  is  distributed  in  a  series  of  bursts,  and  the  signal 
amplitude  between  bursts  is  very  low.  When  the  discharge  current 
is  reduced  to  200  A,  the  radiation  power  drops  by  about  14  dB  and 
the  bursts  are  replaced  by  narrow,  high-frequency  pulses.  We 
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Figure  7.  Millimeter^wave  modulation  frequency  decreases 
with  ion  mass. 
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Figure  9.  The  moduletion  of  Ka-band  radiation  is 
dependent  on  the  waveguide  discharge 
current .  The  total  beam  current  was 
5  A  and  the  beam  voltage  was  30  kV. 
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Figure  10.  The  Ka-band  radiation  is  strongly  modulated  for 

a  waveguide  discharge  current  of  500  A.  When  the 
discharge  current  is  reduced  to  200  A,  the 
radiation  burst  width  becomes  very  narrow.  The 
total  beam  current  was  6  A  and  the  beam  voltaee 
was  30  kV. 
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believe  that  the  frequency  of  mm-wave  spikes  at  lower  discharge 
current  is  increased  because  the  background  plasma  density  is 
lower  and  the  parameter  e  in  Equation  (1)  is  higher.  This  will 
increase  the  growth  rate  of  the  EPWs  and  enhance  the  rate  of 
energy  transfer  from  the  beam  to  the  radiation  field.  However, 
since  the  plasma  density  is  lower,  there  are  fewer  particles 
available  for  energy  transfer  and  the  net  peak-power  transfered 
is  lower. 

8.1.2  Sealing  With  Beam  Current 

As  shown  in  Figure  11,  the  modulation  IPP  also  depends  on 
beam  current.  For  this  experiment  the  HV  beam  current  was 

held  constant  at  2.6  A  while  the  LV  beam  current  was  varied.  At 
s  2.5  A,  the  emission  consists  of  50-ns-wide  bursts  and  the 
IPP  is  50  to  200  hs .  When  Ig**^  is  reduced  to  1.8  A,  the 
radiation  drops  in  power  by  about  15  dB  (as  predicted  by  the 
scaling  of  radiation  power  with  beam  current  performed  during 
1980) ,  and  is  generated  in  burst  clusters  with  an  IPP  of  800  ns 
to  1  /is;  very  little  power  is  emitted  between  bursts.  This  trend 
continues  even  when  Ig^'^  is  set  to  zero.  However,  voltage  is 
still  applied  to  the  LV  beam  cathode,  and  radiation  is  still 
observed,  but  the  IPP  is  now  longer  than  2  /is.  Radiation  is 
produced  in  this  case  because  some  of  the  HV  beam  electrons  reach 
the  LV  cathode  and  are  reflected  into  the  waveguide  plasma.  The 
reflected  electrons  then  excite  EPWs,  resulting  in  radiation 
emission.  When  the  LV  beam  cathode  is  grounded  so  that  the  HV 
beam  electrons  traverse  the  waveguide  plasma  only  one  time, 
radiation  is  not  detected. 

The  change  in  modulation  IPP  and  burst  width  with  beam 
current  may  also  be  related  to  the  EPW  growth  rate.  At  lower 
beam  current  the  €  parameter  is  lower  and  the  EPW  growth  rate  is 
reduced,  leading  to  a  lower  rate  of  conversion  of  beam  energy  to 
sun-waves . 
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8.1.8  Correlation  With  Blectrostatic  Probe 

A  disk  probe  was  used  to  investigate  the  correlation  of  a 
high-frequency  probe  signal  with  the  radiation  coupled  out  of  the 
waveguide  cavity  via  the  X-band  waveguide  port.  The  probe  was 
located  about  1  cm  downstream  of  the  beam  injection  grid  shown  in 
Figure  3  and  was  capacitively  coupled  into  a  100-lfflz-bandwidth 
oscilloscope . 

The  probe  signal  correlates  well  with  the  modulation  of  the 
35-GHz  radiation  signal,  as  shown  in  Figure  12.  The  signals  were 
recorded  simultaneously  using  two  oscilloscopes.  The  probe  and 
radiation  signals  each  have  an  IPP  of  about  200  ns.  This  is  also 
shown  in  Figure  13,  which  displays  the  signals  using  a  faster 
time  scale .  Figure  14  shows  that  when  one  of  the  beams  is  turned 
off,  both  the  radiation  signal  falls  to  zero  and  the 
electrostatic  (ES)  probe  signal  is  significantly  reduced. 

This  preliminary  investigation  found  that  there  is  a  direct 
correlation  between  the  radiation  and  probe  signals.  The  probe 
output,  however,  could  be  due  to  direct  radiation  pickup.  Future 
experiments  will  utilize  an  array  of  specially-designed  high- 
frequency  radial  ES  probes  to  determine  the  spatial  and  temporal 
evolution  of  the  ES  oscillations  so  we  can  differentiate  between 
direct  radiation  pickup  and  a  propagating  ES  perturbation. 

8.2  BADIATION  MODULATION  CHARACTBEISTICS  IN  1.0-em-L0N6  CAVITY 

Boundakry  conditions  imposed  by  the  waveguide  cavity  walls 
specify  the  allowed  ES  and  EM  modes.  The  boundary  conditions, 
together  with  the  beam  current  and  voltage,  determine  the  allowed 
ES  EPW  modes  within  the  system.  We  expect  this  effect  to  be  most 
easily  observed  when  the  waveguide  cavity  dimensions  are  reduced 
to  values  on  the  order  of  the  EPW  wavelength.  To  investigate  the 
radiation  scaling  with  cavity  length,  we  replaced  the  15-cm-long 
waveguide  cavity  with  a  1.0-cm-long  system.  The  short  cavity  was 
fabricated  using  the  same  type  of  perforated  sheet  used  in  the 
15-cm  cavity.  A  single  Ka-band  waveguide  output  was  used  to 
couple  the  radiation  out  of  the  cavity. 
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Figure  12.  Electrost-at-ic  fluctuations  have  the  same 

frequency  components  as  the  output  radiation 
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Figure  13.  The  radiation  and  the  disk  probe  signal 
are  compared  using  a  faster  oscilloscope 
time  scale. 
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Figure  14.  When  only  one  beam  is  injected  into  the 
waveguide  cavity,  the  radiation  signal 
drops  to  sero  and  the  probe  signal  is 
significantly  reduced. 
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The  output  radiation  from  the  1.9-cm-long  cavity  is  very 
similar  to  the  radiation  produced  in  the  15-cm-long  device.  The 
radiation  is  strongly  amplitude  modulated,  scales  with  the  beam 
voltage,  and  has  a  threshold  of  about  3  A  of  beam  current.  One 
major  difference  is  that  the  radiation  power  is  about  20  dB  lower 
in  the  shorter  system.  This  indicates  that  there  is  insufficient 
distance  for  the  E-beams  to  pinch  and  drive  strong  EPWs .  For 
several  experiments  we  used  a  gas  mixture  of  7%  air  and  93%  He 
gas  to  improve  the  discharge  stability  in  the  small  system. 

3.2.1  Theoretical  Discussion  Of  Cavity  Modes 

Consider  a  cylindrical  cavity  with  walls  fabricated  from  a 
highly  transparent  metal  grid  as  shown  in  Figure  15.  For  our 
experimental  conditions,  the  EPW  wavelength  is  large  compared 
with  the  grid  aperture  size  so  that  we  can  treat  the  cavity  walls 
as  conducting  boundaries.  This  boundary  condition  requires  that 
the  EPW  electric  fields  vanish  at  the  walls,  and  leads  directly^* 
to  the  quantization  condition  that  X,  =  2L/n,  where  L  is  the 
length  of  the  waveguide  cavity,  ajid  n  is  the  integral  number  of 
half-wave lengths  within  the  cavity,  n  -  1,2,3,***.  This  can  also 
be  expressed  in  terms  of  the  z-component  of  the  EPW  wavenumber, 
k,  =  nir/L. 

The  requirement  that  the  EPW  be  resonant  with  the  beam  as 
expressed  by  Bq.  (2)  places  another  constraint  on  the  system. 
Combining  Bq.  (2)  with  the  EPW  quantization  condition  yields 

^b,«  *  w,L/n»  (17) 

Rewriting  this  in  terms  of  the  beam  energy  E^  we  obtain 

Eb.n  =  (m/2)x(w.L/nx) *  (18) 

Equation  (18),  which  was  derived  by  M.  Rosenberg,^*  requires  that 
for  fixed  plasma  density  and  device  length,  only  certain  values 
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of  b«ayB  energy  cnn  excite  the  allowed  EPW  modes.  Table  2  lists 
the  node  numbers  and  corresponding  beam  energies  for  15-cm-  and 
l.O-cm-long  waveguide  cavities.  The  modes  are  very  closely 
spaced  in  beam  energy  in  the  15-cm  system,  making  it  very 
difficult  to  experimentally  differentiate  between  them.  Also, 
because  the  EPW  have  a  longer  path  length  to  grow  and  saturate  in 
the  iS-cm  system,  the  spread  of  wavenumbers  is  larger  and  k^ 
approaches  a  continuum.  However,  the  shorter  system  requires 
smaller  mode  numbers  and  the  energy  spacing  between  modes  is 
larger . 


TABLB  2 .  Waveguide  Cavity  Mode  Numbers . 


Mode  number 

Beam  energy 
kV 

15-cm- long  cavity 

30 

64.3 

31 

60.2 

32 

56.5 

33 

53.1 

34 

50.1 

35 

47.2 

36 

44.7 

37 

42.3 

38 

40.1 

30 

38.1 

40 

36.2 

41 

34.4 

42 

32.8 

43 

31.3 

44 

20.0 

45 

28.6 

46 

27.4 

47 

26.2 

48 

25.1 

40 

24.1 

50 

23.2 

1.9-cm-long  cavity 

4 

58.0 

5 

37.1 

, 

6 

25.8 

7 

10.0 

8 

14.5 
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8.2.2  Pow«r  Scalins  With  Beam  Voltage 


Figure  16  ehowa  the  voltage-tuning  curve  for  the  l.Q-cm-long 
waveguide  cavity.  To  reduce  the  effects  of  shot-to-shot  power 
variations,  and  power  variations  within  a  single  pulse,  we  used 
an  RC  circuit  to  integrate  the  total  power  in  each  shot,  and  this 
number  was  then  averaged  over  ten  successive  shots  using  the 
computer.  Three  distinct  peaks  are  now  observed  rather  than  the 
previously  noted  broad  peaks  for  the  15-cm-long  waveguide  cavity 
(see  Appendix  A)  .  The  three  peaks  correspond  to  the  n  »  6,  7, 
and  8  modes  ^sted  in  Table  2.  The=  agreement  of  the  physical 
model  and  the  experimeii^al  results  iiL  Excellent . 

This  experimaat  demonstrates  that  the  boundary  conditions 
imposed  on  the  BPWs  by  the  waveguide  cavity  determine  the  EPW 
modes  that  can  be  excited  by  the  beam.  This  type  of  mode 
structure  was  not  observed  in  the  previous  experiments  using  the 
15-cm-long  cavity  because  the  modes  for  that  system  are  so 
closely  spaced.  As  shown  in  Figure  16,  the  2  to  5  kV  emission 
linewidth  is  sufficient  to  mask  the  presence  of  closely  spaced 
modes.  Another  contributing  factor  is  that  the  15-cm-long  cavity 
is  many  wavelengths  long,  as  evidenced  by  the  high  mode  numbers, 
whereas  the  short  cavity  is  only  a  few  wavelengths  in  length. 
Boundary  effects  are  expected  to  be  more  important  for  the  short 
chamber,  while  the  longer  chamber  approaches  a  free-space 
simulation  where  the  walls  are  well  removed  from  the  main  plasma 
volume . 


8.2.8  Modulation  Bnvelopa  And  Fourier  Transform 

The  radiation  emitted  from  the  1.9-cm-long  cavity  is  strongly 
modulated  with  two  distinctly  different  frequencies.  Our 
approach  to  quantitatively  analyze  the  signal  was  to  record  the 
crystal  detector  output  using  a  fast  digitiser  operated  at  1  GHz 
(effective  bandwidth  =  450  MHz) .  The  digitized  signal  is 
displayed  in  Figure  17.  The  radiation  bursts  are  now  very 
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Ficur«  16.  B«diation  power  scaling  with  beam  voltage 

for  1.0-cm-long  waveguide  cavity  reveals  the 
BPW  mode  structure  specified  by  the  cavity 
longitudinal  boundary  conditions.  Air  was 
added  to  the  He  gas  to  improve  the  stability 
of  the  discharge. 


3' 


RAOMHON  AMPUTUDE  (arbitrary  imMa) 


regularly  spaced  with  a  high-frequency  modulation  superimposed  on 
the  slower  burst  modulation.  This  is  evident  in  Figures  18  and 
19,  which  display  two  burst  peaks  from  Figure  17  using  an 
expanded  time  scale.  The  fast  modulation  depth  can  be  a 
substantial  fraction  of  the  full  burst  amplitude,  as  shown  in 
Figure  18. 

The  power  spectrum  for  this  data  is  obtained  by  calculating 
the  Fast  Fourier  Transform  using  our  Compaq  386/16  computer.  The 
power  spectrum  is  displayed  on  a  log  scale  in  Figure  20  and  on  a 
linear  scale  in  Figure  21.  The  frequency  of  the  slow  modulation 
is  about  14  MHz,  with  a  second  harmonic  at  about  28  MHz.  The 
fast  modulation  peaks  at  345,  356,  and  371  MHz,  as  shown  in 
Figure  22. 

The  14  MHz  modulation  is  controlled  by  the  ion  dynamics  as 
described  previously.  The  high  frequency  modulation  near  350  MHz 
is  a  new  feature  that  was  first  observed  clearly  in  the  l.O-cm- 
long  system.  However,  in  contrast  with  the  low  frequency 
modulation,  the  high-frequency  modulation  is  largely  independent 
of  the  plasma  and  beam  parameters.  Subsequent  experiments 
revealed  that  similar  high-frequency  radiation  modulation  is  also 
observed  using  the  15-cm-long  cavity.  Next  year  we  will  perform 
scaling  experiments  to  investigate  the  high  frequency  modulation 
in  greater  detail. 

3.8  ATTBMPTS  TO  INCKBASB  BBAM  CUKBBNT 

The  radiation  power  scaling  with  beam  current  measured 
previously  demonstrated  that  up  to  the  highest  total  beam  current 
available,  the  radiation  generation  process  had  not  saturated 
(see  Appendix  A) .  The  saturation  characteristics  are  an 
indicator  of  the  physical  processes  that  ultimately  limit  the 
radiation  power  and  net  conversion  efficiency  for  the  three-wave 
mixing  process.  In  this  section  we  describe  several  different 
approaches  we  used  to  increase  the  available  beam  current. 
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ifure  20.  Two  modulat.ion  frequency  bends  ere  evident 
in  the  power  spectrum  celculeted  from  dete 
shown  in  Figure  17. 
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8.8.1  B«duce  Beam  HV  Gap  Spacing  In  1.9>cia-Lons  Syaten 

Tha  Child-Langmuir  space-charge-1 imi ted  current  in  a  planar 
diode  is 

I  =  (4€,/9)(2e/a)i/2(v3/2/d2),  (ig) 

where  V  is  the  gap  voltage  in  volts,  d  is  the  gap  spacing,  e/m  is 
the  charge-to-maaa  ratio,  and  is  the  permittivity  of  free 
space.  Because  the  space-charge- limited  current  scales  as 
ion  emission  at  the  anode  will  become  space-charge  limited  well 
before  electron  emission  at  the  cathode.  For  singly  charged 
helium  ions,  the  space-charge-limited  ion  current  is 

Jj  =  2.72xlO-*(V*/Vd*)  •  (20) 

One  technique  we  used  in  an  attempt  to  increase  the  space- 
charge-limited  ion  current,  and  consequently  the  B-beam  current, 
was  to  decrease  the  gap  spacing  from  1.6  to  1  cm.  The  measured 
beam  current  scaling  with  beam  discharge  current  is  shown  in 
Figure  23  for  the  1.9-cm-long  system  with  a  1-cm  gap.  This  is 
compared  with  the  scaling  curve  for  the  15-cm-long  device  with  a 
1.6-cm-gap  spacing.  As  expected,  more  beam  current  is  produced 
when  a  small  gap  is  used. 

However,  when  the  1-cm-gap  E-beams  were  installed  on  the 
15-cm-long  system,  the  scaling  curve  shown  in  Figure  24  was 
obtained.  At  high  discharge  current,  we  produce  less  beam 
current  with  the  1-cm  gap,  as  compared  with  the  1.6-cm  gap. 

0ns  factor  is  that  in  the  1.9-cm-long  system  beam  electrons 
can  easily  traverse  the  full  chamber  length  and  interact  with 
ions  near  the  opposite  beam  cathode.  The  beam  electrons 
partially  cancel  the  ion  space  charge  in  the  cathode-anode  gap 
and  thereby  permit  a  higher  net  ion  flux  to  reach  the  cold- 
cathode  surface.  This  results  in  more  beam  current.  However, 
when  the  waveguide  length  is  increased  to  15  cm,  a  smaller  number 
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of  electrons  are  able  to  traverse  the  long  cavity  and  reach  the 
opposite  cathode.  This  lower  beam  density  means  that  less 
neutralisation  of  the  ion  current  is  provided  by  the  E-beams, 
fewer  ions  are  injected  to  the  cold-cathode,  and  hence  lower  net 
beam  current  is  produced.  We  plan  to  investigate  this  process 
next  year  by  measuring  the  beam  current  scaling  with  discharge 
current  for  one  beam  as  a  function  of  the  beam  current  and 
voltage  of  the  other  beam. 

This  explains  why  more  beam  current  can  be  produced  in  the 
1.9-cm-long  device  as  compared  with  the  15-cm-long  system,  but  it 
does  not  account  for  the  reduction  in  beam  current  at  high  beam 
discharge  current  as  shown  in  Figure  24.  The  results  indicate 
that  we  cannot  increase  the  ion  current  to  the  cathode  (and 
thereby  increase  the  E-beam  current)  by  reducing  the  gap  spacing 
in  the  15-cm-long  system. 

8.8.2  Increase  Beam  Mask  Diameter 

Another  way  to  increase  the  beam  current  is  to  increase  the 
diameter  of  the  beam  mask  so  that  more  ion  current  can  reach  the 
cathode  surface.  The  space-charge-limited  ion  current  density 
specified  by  Eq.  (20)  has  not  increased,  but  the  beam  current, 
which  is  the  product  of  the  current  density  and  the  cross- 
sectional  area  of  the  ion-emission  surface,  is  now  higher. 

We  increased  the  cathode  mask  aperture  diameter  from  3.2  to 
4.1  cm.  From  the  ratio  of  the  areas  of  the  two  masks,  we  expect 
an  increase  in  beam  current  of  up  to  64X.  This  is  illustrated  in 
the  beam  current  scaling  with  discharge  current  in  Figure  25 
which  shows  that  the  beam  current  increases  2.3  A  (from  4.2  to 
6.5  A)  for  a  discharge  current  of  100  A. 

However,  the  problem  with  this  arrangement  is  that  some  of 
the  electrons  at  the  edge  of  the  beam  will  impact  the  sides  of 
the  waveguide  cavity  entrance  aperture  if  the  beam  does  not  pinch 
before  it  reaches  the  cavity.  The  current  injected  into  the 
waveguide  cavity  would  be  less  than  the  beam  current  measured  at 
the  cathode,  and  the  scaling  curves  would  be  difficult  to 
interpret.  Thin  is  apparently  the  situation.  As  shown  in 
Figure  26,  the  scaling  of  radiation  power  with  beam  current  is 
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shifted  towards  higher  current  values  when  the  4 . l-cm-diameter 
mask  is  used.  Nonetheless,  saturation  of  the  radiation  is  not 
observed . 

8.8.3  HCP  Bleetron  Gun  Development  Under  HAD 

An  advanced  electron-gun  (E-gun)  technique  has  recently  been 
developed  for  a  separate  Hughes  IRkD-funded  High-Power  Microwave 
(HPM)  source  project.  The  new  gun  is  capable  of  producing  much 
higher  current  density  E-beams,  and  it  has  been  used  to 
demonstrate  single-beam  radiation  emission  via  three-wave  mixing 
between  beam-excited  and  backscattered  EPWs .  Called  the  Hollow- 
Cathode-Plasma  (HCP)  E-gun,  it  employs  a  cold-cathode  glow 
discharge  in  low-pressure  helium  gas  (1  to  50  mTorr)  from  the 
inside  surface  of  a  hollow-cathode  (HC)  enclosure  to  an  anode- 
potential  grid  located  just  outside  an  aperture  in  the  HC  wall, 
as  shown  in  Figure  27. 

The  HC  configuration  with  large  cathode- to-anode  area  ratio 
provides  efficient  confinement  of  ionizing  electrons  inside  the 
HC,  and  thus  high-density  plasma  generation  at  low  gas  pressures. 
The  HC  plasma  is  modulated  by  applying  a  negative  pulse  to  the  HC 
relative  to  the  anode  grid  with  the  HC-discharge  pulse,  as  shown 
in  Figure  27.  A  positively  biased  (~1  kV)  keep-alive  anode-wire 
is  also  inserted  in  the  HC  to  maintain  a  low-current  (10  mA) 
continuous  discharge  between  pulses  so  that  the  high-current 
discharge  pulse  can  be  initiated  on-command  with  low  jitter 
(<10  ns) .  The  HC-discharge  grid  has  a  high  optical  transparency 
(~80X) ,  yet  ultrasmall  apertures  (~250  urn  diameter).  The  high- 
density  plasma  (n«  ~  3x10^^  cm~’  at  60  A/cm^  current  density) 
behind  the  anode-sheath  at  this  grid  provides  the  high-current- 
density  electron  emission  in  the  HCP  gun.  Electrons  are 
extracted  from  the  plasma  and  accelerated  to  high  energy  by 
applying  a  high  positive  potential  to  the  E-gun  anode  electrode, 
which  is  to  the  right  of  the  HC-discharge  grid  in  Figure  27.  The 
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Figure  27.  Iollow-e»thode-plasiiia 
conf ifuration . 
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b«aa  is  slectroststically  focused  through  the  aperture  in  the 
anode  to  fora  a  high-current-density,  circular-cross-section 

beaa. 

The  proof -of -principle  HCP  B-gun  experiment  has  demonstrated 
the  generation  of  well-collimated  intense  beams  at  voltages  up  to 
70  kV,  currents  up  to  90  A,  aind  current  densities  up  to  20  A/cm^. 
The  cathode  itself  has  also  demonstrated  electron  emission  at  a 
current  density  of  60  A/cm^  for  pulsewidths  up  to  100  /is. 
Furthermore ,  in  a  demonstration  of  single-beam  radiation 
generation,  the  proof -of -principle  HCP  gun  injected  a  single 
33-kV,  18- A/cm*  beam  into  a  1 . 6-cm-diaffleter  waveguide  and 
generated  broadband  radiation  in  the  frequency  range  from  15  to 
38  GHz.  The  radiation  output  had  the  same  modulation 
characteristics  and  tunability  as  was  previously  measured  in  the 
counterstreaming  beam  experiment  using  the  15-cm-long  waveguide 
cavity.  The  current-density  threshold  for  single-beam  radiation 
generation  operation  was  approximately  12  A/ cm* .  Next  year  we 
plan  to  install  two  HCP  guns  to  inject  higher-current-density 
E-beams  into  the  IS-cm-long  cavity. 

3.4  RADIATION  POWBR  SCALING  AT  LOW  GAS  PRBSSimB 

Many  of  the  previous  experiments  were  performed  using  helium 
gas  pressures  in  the  range  of  25  to  50  mTorr.  Recent  theoretical 
analyses  by  M.  Rosenberg  and  N.  Krall  have  shown  that  the 
modulational  instability  can  be  an  important  EPW  saturation 
mechanism.  The  high  gas  pressures  typically  used  in  the 
experiment  help  to  suppress  the  modulational  instability  because 
the  instability  threshold  depends  on  the  electron  collision 
frequency;  high  radiation  power  is  generated  because  the 
instability  does  not  limit  the  EPW  amplitude.  We  investigated 
this  by  operating  the  15-cm-long  waveguide  cavity  system  at 
reduced  helium  gas  pressure. 
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8.4.1  Beam  Current  Sealing  With  Pressure 

Fisure  28  shows  that  the  total  beam  current  produced  by  the 
two-E-beam  system  increases  as  the  pressure  is  reduced.  To 
maximise  both  the  influence  of  the  modulational  instability  and 
the  available  beam  current,  we  chose  12  mTorr  as  the  operating 
pressure.  The  beam  current  scaling  with  beam  discharge  current 
at  12  mTorr  is  shown  in  Figure  20  for  s  20  kV. 

8.4.2  Beam  Voltage  Tuning 

Figure  30  displays  the  voltage  tuning  curve  for  12  mTorr 
helium  gas  pressure  measured  using  V^^sVjl^.  The  maximum  Ka-band 
power  was  observed  for  V0s2O  kV.  As  described  in  Section  3.2, 
this  voltage  tuning  curve  does  not  exhibit  Elf  power  variations 
due  to  the  excitation  of  ES  cavity  modes  because  these  modes  are 
very  closely  spaced  for  the  15-cm-long  cavity.  As  shown  in 
Figure  31,  the  scaling  of  millimeter-wave  power  with  beam  voltage 
can  be  explained  by  considering  the  EPW  profile  that  is  excited 
by  the  beams.  The  main  requirement  for  high  power  emission  is 
that  the  EPWs  overlap  spatially  so  they  can  interact  to  generate 
the  millimeter-wave  radiation.  In  general,  the  EPW  amplitude 
will  grow,  saturate,  and  then  decay  along  the  beam  direction. 

When  the  beam  voltage  is  too  low,  the  EPWs  saturate  and  decay  at 
the  near  ends  of  the  waveguide  before  they  interact.  When  the 
voltage  in  too  high,  the  EPWs  do  not  grow  to  large  amplitude 
until  they  have  passed  each  other.  The  radiation  generated  under 
either  of  these  two  conditions  is  less  then  that  which  would  be 
obtained  if  the  optimum  beam  voltage  were  used.  At  the  optimum 
voltage  the  EPWs  overlap  near  the  waveguide  midplane  where  they 
have  the  largest  amplitude. 

The  optimum  beam  voltage  for  12  mTorr  helium  gas  pressure  is 
10  kV  lower  than  was  measured  at  30  mTorr  (see  Appendix  A) , 
indicating  that  collisional  effects  influence  the  EPW  excitation 
and  the  radiation  generation  processess.  This  was  confirmed  by 
recording  the  radiation  power  scaling  with  beam  current  described 
in  the  next  section. 
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BEAM  CURRENT  (A)  TOTAL  BEAM  CURRENT  (A) 


(arbitrary  units) 


PLASMA  -WAVE 

ENERGY  DENSITY — B 
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~  Sir 


BEAM  NO.  1  ^  beam  NO.  2 


TOO  LOW 


PLASMA-LOAOEO 

WAVEGUIDE 


Figure  31.  B««jB-plasin«  interaction  deposits  plasma-wave 
energy  density  near  the  ends  of  the  waveguide 
when  the  beam  voltages  are  below  or  above  the 
optimum  value  for  a  given  waveguide  plasma 
density.  Radiation  power  is  optimized  for  beam 
voltages  which  overlap  the  envelopes  of 
plasma-wave  energy  density  near  the  waveguide 
midp;  me . 
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8.4.S  Saturation  Of  Output  Poiver  At  Low  6aa  Preaouro 

Tha  radiation  power  scaling  with  total  beam  current  is 
presented  in  Figure  32.  The  usual  threshold  is  observed  at 
=  3  A|  accompanied  by  a  rapid  increase  of  power  with  beam 
current  until  Ig  =  3.8  A.  As  the  beam  current  is  raised  further, 
the  curve  changes  slope  until  the  radiation  nearly  saturates  at 
=  6.2  A.  This  saturation  behavior  is  not  observed  when  higher 
gas  pressures  are  used  (see  Appendix  A) .  This  experiment 
provides  direct  confirmation  that  collisions  control  some  aspects 
of  the  radiation  generation  saturation  mechanisms . 


I 

I 
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SECTION  4 
INTSBACTIONS 


4.1  Th«  three-wave  mixing  process  investigated  during  this 

program  has  led  to  the  development  of  the  Plasma  Wave  Tube . 
This  device  incorporates  a  counterpropagating  electron  plasma 
wave  topology  to  achieve  multi-octave  tunability  in  the 
microwave  and  millimeter-wave  frequency  range.  The  Plasma 
Wave  Tube  has  been  proposed  to  the  Air  Force  Wright 
Aeronautical  Laboratories  as  a  broadband  radiation  source  for 
an  announced  electronic  warfare  jammer. 


4.2  The  following  papers  were  presented  at  the  1087  APS  Plasma 
Physics  Division  Meeting  in  San  Diego,  California,  on 
5  November  1987. 

"Scaling  of  Millimeter-Wave  Radiation  Generated  by 
Counterstreaming  Beams  in  a  Plasma-Filled  Waveguide,"  by 
R.W.  Schumacher  and  J.  Santoru. 

"Plasma-Anode  Electron  Gun  (PAG)  Scaling,"  by  J.  Santoru, 
R.W.  Schumacher,  R.J.  Harvey,  and  A.J.  Palmer. 


4.8  The  following  papers  were  presented  at  the  1987  IEEE 

International  Conference  on  Plasma  Science  in  Arlington, 
Virginia,  on  1  June  1087. 

"Scaling  of  Millimeter-Wave  Radiation  Generated  by 
Counter streaming  Beams  in  a  Plasma-Filled  Waveguide,"  by 
R.W.  Schumacher  and  J.  Santoru. 

"Plasma-Anode  e-Gun,"  by  J.  Santoru,  R.W.  Schumacher, 

A.J.  Palmer,  R.J.  Harvey,  F.A.  Dolezal,  and  D.J.  Gregoire. 
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4.4  During  the  yenr,  separate  technical  presentations  on  plasma 
three-wave  mixing  were  given  to  members  of  the  Air  Force 
Wright  Aeronautical  Laboratories  (Mr.  Anthony  White,  Mr.  Ken 
Heiberg,  and  Mr.  Jack  Tehan) . 

4.5  Technical  interaction  between  Hughes  personnel  and  Drs. 
Nicholas  Krall  and  Marlene  Rosenberg  of  JAYCOR  included 
meetings  at  HRL,  at  JAYCOR,  and  at  the  November  APS 
conference . 
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SBCTION  6 

PUBLICATIONS  AMD  PATBNTS 


The  following  publications  are  in  preparation: 


1.  "Millimeter-Wave  Generation  Via  Plasma  Three-Wave  Mixing,"  by 
R.W.  Schumacher,  J.  Santoru,  M.  Rosenberg,  and  N.A.  Krall. 

To  be  submitted  to  Physics  of  Fluids.  A  preliminary  version 
of  the  paper  is  reproduced  in  Appendix  A. 

2.  "Orbitron  Radiation  Mechanisms,"  by  R.W.  Schumacher.  To  be 
submitted  to  Physical  Review  Letters. 


The  following  patent  application  has  been  submitted: 


1.  "Improved  Plasma  Wave  Tube,"  Patent  Disclosure  No.  PD-87441 , 
by  R.W.  Schumacher  and  J.  Santoru.  This  invention  was  made 
using  scaling  relationships  developed  with  AFOSR  support 
under  this  contract. 
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SBCTION  6 


RBSBABCl  PBRSONNBL 


The  following  personnel  at  Hughes  Research  Laboratories  are 
associated  with  the  research  effort: 


1.  Robert  W.  Schtmacher  (Principal  Investigator) 

Senior  Staff  Physicist  (213)  317-5430. 

2.  Joseph  Santoru  (Co-Principal  Investigator) 

Member  of  the  Technical  Staff  (213)  317-5838. 

3.  Ronnie  M.  Watkins 

Development  Engineer.  Specialist  (213)  317-5424. 
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APPBNDIZ  A 


This  appendix  contains  a  preliminary  draft  of  the  three-wave 
mixing  paper  we  are  preparing  for  publication  in  collaboration 
with  Drs.  N.  Krall  and  li.  Rosenberg  of  JAYCOR.  The  final  draft 
will  include  the  extensive  theoretical  calculations  performed  by 
Drs.  Rosenberg  and  Krall,  and  in-depth  discussions  about  the 
experimental  results . 


ABSTRACT 


We  report  the  generation  of  microwave  and  millimeter-wave 
radiation  via  the  nonlinear  interaction  of  electron  plasma  waves. 
The  experiment  employs  two  counter-injected  electron  beams  in  a 
plasma-loaded  waveguide  to  drive  counterpropagating  electron 
plasma  waves.  The  nonlinear  coupling  of  these  waves  generates  an 
electromagnetic  waveguide  mode  that  oscillates  at  twice  the 
plasma  frequency.  Independent  control  of  waveguide  plasma 
density,  gas  species,  beam  voltage,  and  beam  current  allows  a 
careful  parametric  study  of  the  interaction  mechanisms. 

Radiation  frequencies  as  high  as  60  GHz  with  beam-to-radiation 
power  conversion  efficiencies  of  up  to  49S  are  estimated. 
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SECTION  1 


INTBODUCnON 


The  generation  of  electromagnetic  (EM)  radiation  in  plasmas 
has  been  studied  intensely  for  many  years .  Areas  of 
investigation  range  from  space  plasmas  (e.g.,  Type  III  solar 
radio  bursts^)  to  high-power  microwave  generators.^*’  The  energy 
source  usually  consists  of  an  electron  beam  (E-beam)  propagating 
through  a  background  plasma.  Depending  on  the  plasma  conditions, 
the  beam  drives  instabilities  which  interact  to  generate 
radiation.  One  mechanism  that  produces  radiation  involves  the 
interaction  of  electrostatic  plasma  waves. These  processes 
include  the  scattering  of  beam-excited  electron  plasma  waves 
(EPWs)  from  lower-frequency  ion  waves  (radiation  is  produced  near 
the  plasma  frequency  i/p)  ,  and  the  beating  of  two 
counterpropagating  EPWs  to  produce  a  transverse  EM  wave  with 
frequency  Although  the  latter  process  normally 

requires  two  E-beams  directed  toward  a  common  interaction  volume , 
a  single  E-beam  can  be  used  if  the  beam-driven  EPWs  are  of 
sufficient  amplitude  that  they  can  be  backscattered .  Another 
radiation-producing  process  is  soliton  collapse,  in  which  the 
beam-excited  EPWs  collapse  spatially;  this  process  is  accompanied 
by  radiation  emission  at  the  plasma  frequency  and  its 
harmonics . ^  * 

Prior  experiments  that  explored  the  EPW-EPW  interaction 
physics  used  low-voltage,  low-current  E-beams  to  excite  the 
plasma  waves. The  EPW  growth  and  propagation  properties 
were  studied,  together  with  the  resultant  radiation  emission. 

The  radiation  levels  were  very  low  ("*-60  dBm)  with  poor  beam-to- 
EM  wave  conversion  efficiencies.”  To  the  best  of  our  knowledge, 
our  investigation  is  the  first  to  use  high-power  (<90  kV,  <6  A) 
beams  in  a  high-density,  plasma-filled  waveguide  to  generate 


substantial  radiation  power  levels  (<8  kW)  at  millimeter-wave 
frequencies  with  efficiencies  as  high  as  a  few  percent. 

The  paper  is  organized  as  follows.  In  Section  2,  we 
delineate  a  simple  plasma  three-wave  mixing  model.  Section  3 
contains  a  description  of  the  experimental  apparatus.  In 
Section  4,  the  high-voltage  beam  dynamics  are  discussed.  In 
Section  5  we  present  the  experimental  results,  including  plasma- 
density,  beam-voltage,  and  beam-current  scaling  data. 
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SECTION  2 


THEORETICAL  BAC16ROUND 

Plaraa  three-wave  mixing,  which  is  the  term  we  apply  to  the 
wave-wave  coupling  and  radiation  emission  process,  is  based  on 
beam-plasma  interactions^*’^*  that  have  been  explored  in  numerous 
publications  for  almost  40  years.  Beam-plasma  phenomena  are 
attractive  for  radiation  generation  because  of  the  ease  with 
which  intense,  high-frequency  BPWs  can  be  excited  when  a  high- 
power  E-beam  is  injected  into  a  dense  plasma.  However,  the 
problem  of  efficiently  coupling  the  power  in  the  electrostatic 
waves  to  a  radiation  field  has  hindered*^  previous  attempts  to 
use  plasmas  in  millimeter-wave  sources  or  amplifiers.  These 
problems  can  be  overcome  by  using  the  three-wave-mixing  process. 
In  the  following  theoretical  discussion,  we  summarize  the  basic 
physics  of  beam-driven  EPWs  and  present  a  simple  kinematic  model 
for  the  nonlinear  coupling  of  two  EPWs  to  the  radiation  field  in 
a  plasma-filled  waveguide. 

2.1  EXCITATION  OP  BPfS 

We  begin  the  discussion  by  restricting  the  treatment  to  a 
weak,  cold  beam  with  density  n^  and  velocity  v^.  By  "weak"  beam 
we  mean  that  the  ratio  of  beam  density  to  plasma  electron 
density, 


(1) 


is  small  compared  with  unity  (c<<l)  ;  by  "cold  beam"  we  mean  that 
tho  beam  temperature  is  much  less  than  the  beam  energy. 

Under  these  conditions,  linear  hydrodynamic  theory^ *’**•**•* * 
(electron-beam  flow  through  an  electron  fluid  that  is  stationary 
in  the  lab  frame  with  a  fixed  ion  background)  shows  that  the  beam 
will  excite  electron-plasma  waves  with  phase  velocity 


(2) 


and,  with  the  well-known  Boha-Gross  dispersion, 


+  3k, 


(3) 


where  and  k.  are  the  EPW  frequency  and  wave  nuaber,  is  the 

plasma-electron  thermal  speed,  and  (s  2in/^)  is  the  plasma 
frequency  given  by 


P 


4irn  e^' 


1/2 


(4) 


Because  v^^  is  much  less  than  v^,  the  second  term  in  Eq.  (3)  is 
much  less  than  so  we  have  The  waves  will  grow  along 

the  besffl  trajectory  with  temporal  growth  rate. 
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,1/2 

24/3 


and  spatial  growth  rate,’^ 


(5) 
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(8) 


The  linewidth  of  the  excited  waves  expressed  in  terms  of  wave 
number  spread  is  also  related  to  beam  strength  6  according  to 


3 

25/6 


,1/3 


(7) 


Nonlinear  theory^^'^*  shows  that  the  EPW  gains  energy  from 
the  beam  until  it  saturates  by  trapping  beam  electrons  and 
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broadening  the  beam-velocity  distribution  function.  The 
saturated  energy  density  in  the  EPW  is  given  by 


W 


<£1  , 

4ir  2  I2J 


(8) 


Because  the  factor  /2  is  just  the  energy  density  in  the 

E-beam,  Bq.  (8)  shows  that  the  fraction  of  beam  energy  coupled  to 
EPW  energy  is  -[(«/2)^^*].  Note  that  for  n^/n,  =  4*,  up  to  2751 
of  the  beam  energy  can  be  transferred  to  the  EPWs. 

The  EPWs  can  drive  instabilities  if  they  are  of  sufficient 
amplitude.  For  example,  the  large-amplitude  EPWs  can  excite 
electron  and  ion  plasma  waves  via  the  modulational  instability, 
thereby  limiting  the  EPW  amplitude.  In  our  experiment,  however, 
we  use  high  background  pressures,  which  in  turn  increases  the 
instability  threshold.  This  can  lead  to  a  higher  EPW  amplitude 
and  greater  radiation  conversion  efficiencies  because  the  EPWs 
can  grow  to  larger  amplitudes  before  the  instability  clamps  the 
EPW  amplitude. 

The  ratio  W/n,T«  (where  n^T,  is  the  plasma  energy  density) 
quantifies  the  strength  of  the  beam-plasma  interaction.  For 
W/n,T«  greater  than  a  few  percent,  the  electric  fields  in  the  EPW 
begin  to  modify  the  plasma  through  ponderomotive-force  effects. 

In  this  regime  the  EPWs  and  the  plasma  become  strongly  coupled 
and  the  beam-plasma  system  is  said  to  be  in  the  strong  turbulence 
regime.  In  the  opposite  limit,  where  W  is  so  small  that 


W/nJ^  <  ,  (9) 

where  Xq  is  the  electron  Debye  length  [Xp  s  (kT,/4sn,e^) ^ ,  the 
beam-plasma  system  is  said  to  be  weakly  turbulent. 

2.8  COUPLINC  OF  TO  BPWs  TO  TIB  BAOIATION  FULD 

The  oscillating  field  of  the  EPW  contains  the  power  that  we 
wish  to  extract  from  the  E-beam,  but  the  power  is  trapped  in  the 
plasma  as  an  electrostatic  wave  and  must  be  coupled  out  in  some 
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manner  as  an  electromagnetic  mode.  We  employ  two 
counterstreaming  E-beams  to  excite  two  counterpropagating  EPWs, 
as  shown  in  Figure  1.  These  two  waves  are  then  nonlinearly 
coupled  to  a  TM  electromagnetic  waveguide  mode  via  plasma  three- 
wave  mixing.  In  this  process,  the  electric  field  of  one  wave 
induces  a  velocity  increment  5v^  in  the  electron  density 
fluctuations  5n^  present  in  the  second  wave,  thereby  generating  a 
nonlinear  source  current  that  is  expressed  as 

J  »  eSn  Sv  (10) 

This  source  current  is  nonlinear  because  it  is  a  product  of  two 
first-order  fluctuations  of  the  two  linear,  primary  waves. 

The  plasma  three-wave-mixing  process  can  be  described 
quantitatively  by  using  the  dispersion  relation  for  the  plasma- 
loaded-waveguide  mode  and  the  energy  and  momentum  conservation 
relations  for  three-wave  mixing: 


2  2 

[dispersion]  s  w 

op 

[energy  conservation] 
[momentum  conservation] 


2  .22 

1  +  k_  c 

c  o 

(11) 

u  +  u  ^  =  2u 

Pi  P2  P 

(12) 

1,  eo  o 

(13) 

In  these  relations  is  the  electromagnetic-waveguide-mode 
frequency;  and  angular  frequencies;  is  the 

waveguide-cutoff  frequency  in  vacuum;  k,x  ^*2  <^1**  hhe  EPW 
wave  numbers;  and  k«  is  the  electromagnetic  wave  number. 
Dispersion  for  each  beam-mode  plasma  wave  is  described  by 
Bq.  (2) .  As  a  consequence  of  wave-energy  conservation 
[Bq.  (12)],  the  current  J  [of  Bq.  (10)]  oscillates  at  twice  the 
BPW  frequency.  The  osc.illating  axial  current  then  couples  to  a 
Til  electromagnetic  waveguide  mode  at  2i/p . 
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Figure  1.  Bean-plasma-waveguide  system 


The  beam  speeds,  and  thus  the  phase  velocities  of  the  EPWs , 
are  always  smaller  than  the  phase  velocity  (^c)  of  the 
electrMiagnetic  wave.  Consequently,  k.j  and  k«2  will  be  larger 
than  k« .  To  satisfy  Eq.  (13)  with  colinear  but  oppositely 
directed  EPWs,  the  two  E-beam  speeds  must  therefore  be  unequal 
for  finite  k« .  Cutoff  waveguide  modes  with  k«sO  will  be  excited 
for  equal  beam  speeds.  The  beam-speed  difference  can  be 
expressed  in  terms  of  the  plasma-waveguide  parameters  by  solving 
Eqs.  (2),  (3),  (11),  (12),  and  (13)  simultaneously.  Inserting 
Bq.  (12)  into  (11)  and  solving  for  k« ,  we  obtain  the  waveguide¬ 
mode  wave  number: 


■'o  * 


This  equation  shows  that  must  be  greater  than  or  equal  to 
3’*x/2  order  to  couple  to  a  waveguide  mode.  Inserting 

Eqs.  (2)  and  (3)  into  (13)  and  equating  the  result  to  (14),  we 
obtain  the  desired  equation  that  relates  the  beam  speeds  to  the 
plasma-waveguide  parameters: 


b,  • 


"‘>2  '  ''•>1 


In  this  equation,  v^^  is  the  speed  of  the  slow  beam  from  the  low- 
voltage  gun  and  v^^  is  the  speed  of  the  fast  beam  from  the  high- 
voltage  gun.  Note  that  this  tuning  condition  is  applicable  only 
to  weak  beams  (n^/n,  <10* ^).  In  the  strong-beam  case  (strong- 
turbulence  regime) ,  a  broad  spectrum  of  BPW  wave  numbers  can  be 
generated,  and  the  velocity  requirements  in  Bq.  (15)  can  be 
relaxed.  Note  also  that  for  high-order  Tli  modes  with  large 

Eq.  (13)  requires  that  the  two  beam  speeds  be  cloaely 

matched . 

The  dispersion  relations  described  by  Bqs.  (2),  (3),  (11). 
(12),  and  (13)  are  plotted  in  Figure  2.  The  plot  shows  how  two 
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Figure  2.  Dispersion  relations  for  plasma  three 
mixing . 


wave 
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oppositely  directed  EPWs  with  different  phase  velocities  (Wp/k.^ 
and  Up/k^2)  coupled  to  a  third  space-charge  wave  with 

dispersion 


2u 


A  plasma-loaded-waveguide  mode  is  excited  at  the  intersection  of 
this  coupled  space-charge  wave  with  the  electromagnetic 
dispersion  curve. 

As  an  example  of  a  solution  to  Bq.  (15),  consider  an 
experiment  with  a  3.81-cm-diameter  waveguide  operating  in  V-band 
at  i/p  s  50  (SHz.  The  plasma  frequency  Up  will  be  25  GHz,  so 
Eq.  (4)  indicates  that  the  waveguide  plasma  density  must  be 
7 . 8x10^ ^cm~ * .  The  cutoff  frequency  u^  of  the  TM^^  mode  in  the 
waveguide  in  vacuum  is  6  GHz.  If  the  energy  of  the  fast  B-beam 
is  chosen  at  60  kV,  then  the  slow-beam  energy  must  be  18  kV  in 
order  to  satisfy  Bq,  (15).  However,  if  a  higher-order  TMp,  mode 
is  excited  with  Up*f^  GHz,  Bq.  (15)  requires  that  the  beam 
energies  be  equal . 


SECTION  3 

EXPEimSMTAL  APPARATUS 


Figure  3  is  e  diagram  of  the  experimental  apparatus.  High- 
density  plasma  (^1x10^*  cm**)  is  generated  by  a  12-wire,  wire- 
anode  discharge**'*^  in  the  annular  space  surrounding  a 
3.8-cm~diameter ,  15.2-cm-locg  perforated  waveguide  with  the 
background  gas  pressure  in  the  l-to-50-mTorr  range.  The 
microperforations  allow  both  ionising  discharge  electrons  and 
background  plasma  to  penetrate  the  waveguide,  thus  loading  it 
with  a  high-'density ,  quiescent  plasma.  The  perforations  are 
large  compared  with  a  Debye  length,  but  small  compared  with  the 
electromagnetic  wavelength;  therefore,  radiation  remains  trapped 
in  the  guide  while  plasma  can  pass  through  freely.  Both  ends  of 
the  circular  waveguide  are  terminated  by  highly  transparent  grids 
(80E) .  Radiation  is  coupled  out  of  this  waveguide-cavity 
configuration  through  rectangular  waveguides  that  are  oriented  to 
align  the  electric-field  vector  of  the  TB}«  (rectangular- 
waveguide)  mode  with  the  axial  electric  field  of  a  TM  mode  in  the 
circular  waveguide. 

Secondary-emission  electron  guns’**’**  are  used  to  generate 
the  B-beams.  As  shown  in  Figure  3,  each  gun  employs  a  separate 
wire-anode  discharge  in  the  region  between  the  waveguide  and  the 
electron-gun  B-beam  cathode.  The  plasma  in  this  discharge  is 
partially  confined  between  the  waveguide-terminating  grid  on  one 
side  and  a  similar  grid  on  the  opposite  side  near  the  cathode. 
This  latter  grid  also  serves  as  the  anode  for  the  B-gun.  A 
fraction  of  the  ions  produced  in  this  plasma  are  extracted 
through  the  anode  grid  and  are  accelerated  to  the  flat  cathode 
(which  is  continuously  held  at  negative  high  voltage) ,  where  they 
bombard  the  molybdenum  electrode  surface  and  produce  secondary 
electrons.  These  electrons  are  accelerated  back  through  the 
cathode-anode  gap,  forming  a  high-energy  been.  The  beam  then 
passes  through  the  anode  grid  and  the  waveguide-terminating  grid 
and  is  injected  into  the  waveguide  with  low  ('*36%)  loss  to  the 
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Figure  8.  Experimental  beam-plasma  apparatus. 
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grid  structures.  The  beam  then  propagates  through  the  plasma- 
filled  waveguide  where  ion  charge  in  the  plasma  neutralizes  the 
electron  space  charge  in  the  beam.  This  "ion-focusing"  effect 
allows  the  beams  to  propagate  without  requiring  the  use  of 
magnetic-focusing  fields.  The  experimental  parameters  are  listed 
in  Table  1 . 


TABLI  1 .  Ixporlmental  Parametors . 


Gas 

,  He,  Ne,  Ar,  Kr,  or  Xe  at  1  to 

50  mTorr;  typically  He  at  24  mTorr 

Plasma 

n.  =  2x10^^  cm**  to  10**  cm"* 

Beams 

<  90  kV,  typically  20  to  50  kV 

<  3.5  A 

Tfc  >  15  eV 

Jfc  <  4  A/cm* 

n^  <  d  X  10*  cm**,  0.03X  <  n^/n«  <  3% 

Waveguide 

3.8-cm  diameter,  15.2-cm  long 

The  utility  of  the  secondary-emission  gun  is  based  on  the 
high  secondary-emission  yield  7,,  which  is  obtained  when  high- 
energy  ions  strike  gas-covered  cathode-electrode  materials .  For 
example,  7,  varies  from  5  to  15  when  helium  ions  in  the  35-to- 
150-kV  range  strike  a  molybdenum  cathode  in  the  presence  of 
20  mTorr  of  helium  gas.’* 

The  B-beam  current  is  controlled  at  low  voltage  by  modulating 
the  (<l-kV)  wire-anode  discharge  at  the  ground-potential 
environment  of  the  anode  electrode.  Because  the  plasma  is 
confined  within  the  gridded-anode  structure  (plasma  electrons  are 
unable  to  overcome  the  -1-kV  discharge-cathode  drop  to  penetrate 
the  gridded  structure  for  ion  current  densities  up  to  some 
limit) ,  plasma  closure  of  the  high-voltage  gap  cannot  occur  and 
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long-pulse  (>>1  ns)  operation  is  achieved.  Modulation  of  the 
plasma  source  modulates  the  ion  flux  incident  upon  the  cathode, 
which  in  turn  controls  the  beam  current.  A  mono-energetic  beam 
is  obtained  throughout  the  beam  pulse  because  the  E-beam  is 
switched  ON  and  OFF  by  the  plasma  source  and  not  by  the  high- 
voltage  supply  for  the  cathode.  Low-energy  electrons  produced 
from  the  rise  and  fall  of  the  cathode  voltage  in  conventional 
pulsed  beams  are  not  present.  All  of  this  is  accomplished 
without  heater  power  and  without  high-vacuum-environment 
requirements,  because  the  metallic  cathode  used  in  the  secondary- 
emission  gun  cannot  be  poisoned. 

The  experiment  is  typically  operated  with  10-to-25-/«s-wide 
flat-top  pulses  at  a  pulse-repetition  frequency  of  1  Hz.  A  25-/is 
pulse-forming  network  (PFN)  is  employed  to  drive  current  pulses 
up  to  800  A  in  the  main  waveguide-plasma-discharge  section.  A 
higher-impedance  18-/is  PFN  drives  the  wire-anode  discharge  in  the 
low-voltage  (LV)  E-gun.  Ignitrons  are  used  as  closing  switches 
to  discharge  both  PFNs.  The  wire-anode  discharge  in  the  high- 
voltage  (HV)  E-gun  is  moaulated  by  a  circuit  consisting  of  a 
capacitor  and  a  XlRON-3  CROSSAIRON"  Modulator  Switch  (CMS).’^’’^ 
The  Hughes  CMS  is  an  advanced  thyratron-like  device  that  both 
closes  and  opens  under  grid  control,  so  square-wave  pulses  can  be 
obtained  in  hard-tube-modulator  fashion  without  having  to  use  a 
fixed-pulse-length  PFN.  The  B-gun  wire-anode  current  pulses  are 
typically  10  to  150  A.  Finally,  capacitors  are  used  to 
continuously  maintain  high  voltage  on  the  B-gun  cathodes  through 
1-kfl  current- limiting  resistors.  The  HV  B-gun  is  designed  to 
operate  up  to  120  kV,  and  the  LV  E-gun  up  to  50  kV. 

Each  of  tho  discharge  and  high-voltage  beam  circuits  is 
instrumented  with  high-voltage  probes  and  current  transformers . 
These  diagnostics,  as  well  as  the  Langmuir  probes,  are  interfaced 
to  an  11-channel  PC-based  data-acquisition  system  and  an 
oscilloscope  array,  which  are  housed  within  an  RFI-wcreen  room. 
The  output  waveguides  are  also  fed  into  the  screen  room  where  the 
radiation  is  analysed  by  a  network  oi  microwave  and  millimeter- 
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wave  detectors,  filters,  attenuators,  and  mixers.  Figure  4  is  a 
scheai^ic  of  the  detection  system.  The  maximum  sampling  rate  of 
the  anmlog-to-digital  converters  in  the  computerized  data 
acquisition  system  is  1  GHz. 

One  axial  and  two  radial  Langmuir  probes  are  employed  to 
determine  the  plasma  parameters  in  the  plasma-loaded  waveguide. 
Bach  probe  consists  of  a  l-mm-diameter  tantalum  disk,  which  has  a 
negligible  perturbation  effect  on  the  discharge.  The  radial 
probes,  which  are  attached  to  the  experiment  permanently,  are 
also  used  to  measure  the  E-beam  profiles.  One  E-gun  is  removed 
and  the  axial  probe  is  installed  temporarily  in  order  to  measure 
the  axial  plasma  profile.  The  observed  profile  is  shown  in 
Figure  5  under  conditions  where  the  center  anode  wires  are  either 
disconnected  from  the  power  supply  or  are  driven  through  47-0 
resistors.  When  the  center  wires  collect  discharge  current,  the 
profile  is  more  strongly  peaked  near  the  midplane.  When  the 
center  wires  are  disconnected  so  that  all  the  current  is 
collected  by  the  eight  end-wires,  the  profile  is  significantly 
more  uniform.  Plasma  leakage  from  each  B-gun  wire-anode 
discharge  also  contributes  to  profile  uniformity  near  the  ends  of 
the  waveguide’. 
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Figure  4.  Mi  11  ime ter -wave  diagnost>ic8  and  power 
measurement  system. 


A- 18 


16101-2M 


•  CENTER 
WIRES  47  n 

■  CENTER 
WIRES  float 


Figure  6.  Axiel  plasme-deneity  profiles. 
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SECTION  4 
BEAM  DYNAMICS 


The  radial  plaama-density  and  E-beam  profiles  measured  in 
the  output-coupling  sections  using  disk  probes  are  shown  in 
Figure  6.  The  B-beam  (50  kV,  5  A)  profile  reveals  a  well- 
collimated  beam  that  converges  rather  than  diverges  as  the  beam 
propagates  through  the  plasma-loaded  waveguide.  At  the  beam- 
injection  end  of  the  waveguide  (near  the  first  output  rectangular 
waveguide) ,  the  beam-current  profile  rises  sharply  on  the  edges 
and  falls  toward  the  axis.  This  profile  is  related  to  the  ion 
density  profile  in  the  wire-anode-discharge  section  of  the  E-gun. 
The  density  is  higher  on  the  edge  near  the  wires  and  lower  near 
the  axis.  The  3 . 18-cm-diameter  anode  grid  defines  the  beam 
diameter  within  the  3.81-cm-diameter  waveguide. 

At  the  opposite  end  of  the  waveguide  (near  the  second  output 
rectangular  waveguide),  as  shown  in  Figure  6,  the  beam  has 
converged  after  passing  through  the  waveguide  plasma.  The  full 
width  at  half  maximum  has  decreased  from  2.7  to  0.45  cm,  and  the 
beam  current  density  on  axis  has  increased  by  a  factor  of  ~8 
despite  beam  attenuation  by  the  plasma-. 

This  radial  beam  contraction  is  caused  by  the  self-magnetic 
pinch  of  the  E-beam.  The  beam  generates  a  poloidal  magnetic 
field,  which  can  constrict  the  beam  radius  if  the  magnetic-field 
pressure  exceeds  the  (transverse)  beam  thermal  pressure. 
Electrostatic  forces  are  neglected  because  the  beam  is  charge- 
neutralised  by  the  waveguide  plasma.  This  process  is  known  as 
the  Bennett  pinch  effect.**  Quantitatively,  the  pinch  condition 
can  be  expressed  as: 


°b 


(17) 


where  Bp  is  the  poloidal  magnetic  field,  and  T^  is  the 
perpendicular  beam  temperature.  The  threshold  current  at  which 
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Fi^re  6.  Radial  plasma  and  electron-beam  profiles  measured 
across  the  diameter  of  the  circular  waTesuide 
at  two  axial  positions  which  correspond  to  the 
output  waveguide  locations. 
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the  pinch  occurs  can  be  expressed  as : 


ll  2  3.2  X  10"^°  n^^  \  '^b  ' 

where  is  the  cross-sectional  beaa  area.  Using  a  beam  dens  ity 
of  3x10*00"’  and  =  10  eV  we  predict  a  threshold  current  of 
1.5  A,  which  is  consistent  with  our  measurements,  as  discussed 
below. 

The  beam  is  predicted  to  evolve  into  the  Bennett  profile, 

ib 

Ib<'->  =  7 - ^112  •  (19) 

[l  -  (r/»)9  J 

where  r  is  the  radial  position  relative  to  the  center  of  the 
beam,  aL=(2\/2  [T^  /(T^  -T»)]^^*  =  Bennett  radius,  and 

P  s  v/c.  A  comparison  of  several  measured  radial  beam  profiles 
with  the  theoretically  predicted  Bennett  profile  is  shown  in 
Figures  7  and  8.  In  each  case,  we  assume  »  10  eV.  There  is 
good  agreement  between  experiment  and  Bennett-pinch  theory. 

The  pinching  length,  or  distance  the  beam  travels  before  it 
becomes  fully  pinched,  can  be  estimated  from  the  inverse  betatron 
wavenxunber .  ’ ^  This  is  given  by  ^p~^  r^(2I^/l4)"’^*,  where  r^ 

is  the  beam  radius,  is  the  beam  current,  is  the  Alfven 
current,  1^=  (m,c*/e)^,7»1.7xl0V*7  Pt  the  beam  velocity 

in  the  z  direction  normalized  to  the  speed  of  light,  and 
7=(1-/J*)  .  Using  rfc  =  1.35  cm,  =  30  kV,  and  =  1.5  A,  we 

obtain  »  5.9x10*  A  and  k^"*=60  cm.  This  order-of -magnitude 
estimate  is  consistent  with  the  beam  propagation  distance  through 
the  waveguide  plasma  (**14  cm)  ,  especially  because  this  estimate 
does  not  include  nonlinear  effects  that  may  account  for  the 
shorter  measured  pinch  distance.  If  the  beam  current  is  adjusted 
to  a  value  that  is  slightly  below  the  Bennett-pinch  threshold,  we 
observe  a  temporal  collapse  in  the  radial  beam  profile,  as  shown 
in  Figure  9.  In  this  case,  the  initially  broad,  inverted  profile 
evolves  toward  the  pinched-beam  condition  over  a  period  of  10  /is . 
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The  pinching  of  the  E-beams  enhances  the  2Wp  radiation  power. 
When  the  beam  pinches,  the  local  beam  density  n^  increases. 

This,  in  turn,  reduces  the  EPW  growth  distance,  which  is 
proportional  to  (n^/np)^^^.  For  the  measurements  described 
above,  a  reduction  in  the  beam  diameter  from  2.7  to  0.45  cm  and 
the  accompanying  increase  in  beam  density  by  a  factor  of  ~8  would 
result  in  a  reduction  in  the  growth  distance  by  a  factor  of  2. 

The  BPW  temporal  growth  would  change  by  the  same  factor  because 
it  also  scales  as  (n^/np)*^*.  With  the  higher  pinched-beam 
density,  the  waves  can  grow  at  a  faster  rate,  and  thereby  reach 
larger  amplitudes  more  quickly. 

The  effect  of  the  Bennett  pinch  is  also  evident  in  the 
scaling  of  radiation  power  with  total  beam  current.  This  will  be 
discussed  in  Section  5,  where  the  radiation  characteristics  are 
presented . 
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SECTION  5 

EADIATION  CHAtACTBEISTICS  AND  POWER  SCALING 


Microwave  and  millimeter-wave  radiation  is  observed  when  two 
counterstreaming  E-beams  are  injected  into  a  plasma-loaded 
waveguide,  without  the  presence  of  background  radiation  from  the 
discharge  plasma.  Employing  the  detection  techniques  shown  in 
Figure  4,  we  observed  radiation  at  frequencies  up  to  60  GHz  when 
the  plasma  discharge  current  was  raised  to  800  A.  As  shown  in 
Figure  10,  60-GHs  radiation  is  observed  over  a  13-/is  period 
within  the  envelope  of  the  E-beam  pulses,  which  overlap  the 
plasma-discharge  pulse.  Note  that  no  background  radiation  is 
observed  from  the  plasma  discharge  before  the  beams  are  injected. 

A  high-density  discharge  and  simultaneous  injection  of  both 
beams  are  required  to  generate  the  millimeter-wave  radiation.  As 
shown  in  Figure  11,  no  radiation  is  observed  when  only  one  of  the 
two  beams  is  injected  into  the  plasma.  This  is  observed  for 
current  values  up  to  the  maximum  single-E-beam  current  of  6  A. 
This  implies  that  the  single  beam  is  not  sufficiently  intense  to 
produce  backscattered  EPWs  via  parametric  decay  (which  would  set 
up  a  counterpropagating  BPW  topology  with  only  a  single  E-beam) . 
The  requirement  of  simultaneous  beam  injection  is  demonstrated  by 
delaying  the  injection  of  one  beam  relative  to  the  other  (see 
Figure  12) .  Radiation  at  50  GHa  is  observed  only  when  the  beams 
overlap  in  time.  From  Figure  12  we  can  also  conclude  that  there 
is  a  beam-current  threshold  for  detectable  radiation.  Radiation 
is  not  observed  during  the  early  portion  of  the  LV  B-beam  pulse, 
even  though  the  HV  E-beam  current  is  ~0.5  A.  However,  radiation 
is  emitted  when  the  HV  beam  current  is  increased  to  2  A. 

The  data  in  Figure  13  demonstrate  that  the  radiation 
frequency  is  controlled  by  the  waveguide  plasma  density.  The 
36-GHz  radiation,  which  is  observed  when  the  waveguide  discharge 
is  on,  disappears  when  both  beams  are  injected  without  the  high- 
density  waveguide  discharge.  However,  even  in  the  absence  of  a 
waveguide  discharge,  low-density  (2x10^^  cm*’)  plasma  from  the 
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Redietion  at  60  GHz  is  generated  by  the  beaa- 
plasma  system  when  counterstreaming  beams  are 
injected  into  the  plasma-loaded  waveguide. 
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Figure  11.  Simultaneous  injection  of  both  beams  is 
required  to  generate  iiim*-wave  radiation. 

No  radiation  is  observed  when  only  one  beam 
is  used. 
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Figure  12.  Radiation  at  60  GHz  is  observed  only 

when  the  two  beam  pulses  overlap  in  time. 
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Figure  13.  Output  radiation  shifts  to  low  frequency 
when  both  beams  are  injected  without  the 
high-density  waveguide  discharge. 
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E-gun  wire-anode  discharges  and  the  beams  partially  fills  the 
waveguide.  As  shown  in  the  lower  pulse  sequence  in  Figure  13, 
radiation  is  observed  at  ~8  GHz,  which  is  associated  with  twice 
the  low-density  plasma  frequency. 

The  radiation  produced  in  this  experiment  is  strongly 
amplitude  modulated.  The  radiation  is  emitted  as  bursts  with 
inter-pulse  periods  (IPPs)  and  pulse  widths  that  depend  on  the 
background  gas  species.  As  shown  in  Figure  14,  the  radiation  is 
strongly  modulated  on  a  time  scale  that  is  near  the  ion-plasma 
frequency  -  behavior  which  is  also  characteristic  of  nonlinear 
beam-plasma  instabilities.  Figure  14  shows  that  the  radiation  at 
35  GHz  is  emitted  in  random  spikes  with  half-widths  of  ~10  ns. 

The  spikes  could  be  even  narrower  because  the  bandwidth  limit  of 
the  oscilloscope  was  100  MHz. 

The  millimeter-wave  modulation  frequency  decreases  as  the 
ion  mass  is  increased.  Oscilloscope  photos  of  the  crystal 
detector  outputs  for  five  different  gases  (i.e.,  hydrogen, 
helium,  argon,  krypton,  and  xenon)  are  shown  in  Figure  15.  These 
data  are  reduced  to  a  quantitative  form  in  Figure  16,  where  the 
modulation  IPP  and  pulse  width  are  plotted  versus  ion  mass.  The 
parameters  scale  approximately  with  the  square  root  of  the  ion 
mass.  These  data  clearly  indicate  that  ion  dynamics  is  important 
in  determining  the  characteristics  of  the  radiation .  The 
modulation  could  be  caused  by  ion  acoustic  waves  that  are  known 
to  be  generated  by  parametric-decay  instabilities  in  strong-EPW- 
turbulent  systems.  Using  the  beam-plasma  parameters  listed  in 
Figure  14,  together  with  Eq.  (8),  we  estimate  the  ratio  of  EPW 
energy  density  to  plasma  energy  density,  W^p^/n^T^,  to  be  about 
7x10'*.  The  beam-plasma  interaction  in  the  experiment  is 
strongly  turbulent,  because  this  ratio  exceeds  the  weak 
turbulence  parameter  (k^X^)^  ^7  ^  orders  of  magnitude. 

We  investigated  the  radiation  modulation  as  a  function  of 
waveguide  plasma  density  and  beam  current.  Figure  17  shows  the 
change  in  the  modulation  of  36-GHz  radiation  (filter  pass- 
band  =  35  to  37  GHz)  as  the  waveguide  plasma  density  is  raised  by 
increasing  the  discharge  current  by  50%.  At  230  A,  the  radiation 
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Figure  14. 


Output  nun-wave  radiation  is  strongly 
modulated  on  a  time  scale  which  is  near 
the  ion-plasma  frequency.  Experiment 
parameters  corresponding  to  the  observed 
35-GHz  radiation  are  listed  below  the 
oscilloscope  waveform. 
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Figure  17.  The  modulation  of  Ka-band  radiation 
dependent  on  the  waveguide  discharge 
current.  The  total  beam  current  was 
6  A  and  the  beam  voltage  was  30  kV. 
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consists  of  many  very  narrow  width  (5  to  25  ns  wide)  spikes  with 
a  short  IPP  of  about  10  to  50  ns.  The  radiation  is  emitted 
continuoMly  and  we  do  not  observe  periods  when  the  radiation 
power  drops  to  zero.  However,  when  the  discharge  current  is 
increased  to  310  A,  the  bursts  become  wider  (50  to  100  ns) ,  the 
IPP  increases  to  100  to  200  ns,  amd  the  signal  amplitude  between 
bursts  is  low  compared  with  the  peak  amplitude.  The  radiation 
has  changed  from  a  nearly  continuous  radiation  emission  process 
at  low  discharge  current,  to  a  more  ordered,  burst  emission  at 
high  discharge  current. 

These  characteristics  are  also  exhibited  at  higher  discharge 
currents.  Figure  18  compares  the  Ka-band  emission  measured  with 
waveguide  discharge  currents  equal  to  500  and  200  A, 
respectively.  In  this  experiment,  the  bandpass  filter  was  not 
used.  At  500  A,  the  emission  is  concentrated  in  a  series  of 
bursts  and  the  signal  amplitude  between  bursts  is  very  low.  When 
the  discharge  current  is  reduced  to  200  A,  the  radiation  power 
drops  by  about  14  dB  and  the  bursts  are  replaced  by  narrow,  high- 
frequency  pulses. 

The  modulation  also  depends  on  beam  current.  The  data  shown 
in  Figure  19  for  three  different  I^^^^  values  was  recorded  while 
the  HV  beam  current  was  held  constant  at  2.6  A.  At  Ig^'^  =  2.5  A, 
the  emission  consists  of  50-ns-wide  bursts  and  the  IPP  is 
50  to  200  ns.  When  Ig**^  is  reduced  to  1.8  A,  the  radiation  drops 
in  power  by  about  10  dB,  and  is  generated  in  burst  clusters,  with 
very  little  power  emitted  between  bursts. 

When  Ig^*  ia  set  to  aero,  but  with  the  beam  voltage  applied 
to  the  LV  beam  cathode,  we  still  detect  radiation.  This  occurs 
because  electrons  from  the  HV  beam  reach  the  LV  cathode  and  some 
of  the  beam  electrons  are  reflected  into  the  waveguide  plasma. 

The  reflected  electrons  then  excite  EPWs,  resulting  in  radiation 
emission.  When  the  LV  beam  cathode  is  grounded  so  HV  beam 
electrons  traverse  the  waveguide  plasoia  only  one  time,  radiation 
is  not  detected. 
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The  Ka-band  radiation  is  strongly  modulated  for 
a  waveguide  discharge  current  of  500  A.  When  the 
discharge  current  is  reduced  to  200  A,  the 
radiation  burst  width  becomes  very  narrow.  The 
total  beaon  current  was  5  A  and  the  beaun  voltage 
was  30  kV . 
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Ka-band  modulation  IPP  depends  on  the  beam  current . 
When  the  HV  beam  is  on,  and  Ib'"''  =  0*  t>ut  the  LV 
cathode  is  biased  to  reflect  the  HV  beam  electrons 
back  into  the  plasma,  radiation  is  still  observed. 
The  HV  beam  current  was  held  constant  at  2.6  A,  the 
beaun  voltage  was  20  kV  and  the  waveguide  discharge 
current  was  500  A. 


Scaling  of  the  millimeter-wave  frequency  with  waveguide 
discharge  current  and  plasma  density  was  measured  by  varying  the 
discharge  current  from  15  to  800  A  and  observing  the  output 
radiation  with  an  array  of  waveguide  bandpass  and  high-pass 
filters.  The  output  of  the  filters  is  plotted  in  Figure  20  as  a 
function  of  the  waveguide  discharge  current  from  200  to  800  A. 

The  data  indicate  that  the  center  frequency  of  the  radiation 
increases  as  the  discharge  current  is  increased.  By  noting  the 
discharge  current  value  at  which  millimeter-wave  power  is 
received  in  each  filter,  we  can  determine  the  scaling  of 
frequency  with  discharge  current. 

We  performed  this  scaling  experiment  at  low  discharge 
current  and  low  helixim-gas  pressure,  and  with  reduced  E-gun  wire- 
anode  and  beam  current  in  order  to  minimize  plasma  production  in 
the  waveguide  by  the  guns  and  beams.  The  scaling  of  radiation 
frequency  versus  discharge  current  presented  in  Figure  21  shows  a 
good  fit  to  scaling.  This  is  expected  with  low  gas 

pressure  because  the  discharge  voltage  remains  constant  as  the 
discharge  current  is  increased;  under  these  conditions  n,  a 
and  a  As  shown  in  Figure  22,  the  millimeter-wave 

frequency  scales  as  twice  the  wavegiiide  plasma  frequency,  as 
predicted  by  the  three-wave-mixing  theory. 

To  further  investigate  the  scaling  of  the  radiation 
frequency  with  discharge  current,  we  repeated  the  experiment 
using  lower  gas  pressure,  higher  discharge  current,  and  a 
0 .5-cm-diameter  waveguide  section.  As  shown  in  Figure  23,  the 
radiation  frequency  scaled  as  as  predicted  from  the 

argument  presented  above . 

We  have  investigated  the  scaling  of  radiation  power  with 
B-beam  voltage.  This  experiment  was  performed  by  holding  the 
first  E-beam  voltage  constant  at  10.5  kV,  and  scanning  the  second 
E-beam  voltage  over  a  broad  range  while  simultaneously  observing 
the  output  radiation  power  at  35  CHz .  To  reduce  the  effects  of 
shot-to-shot  variations,  and  the  radiation  power  variations 
within  a  single  pulse  (i.e.,  amplitude  modulation  described 
previously)  we  used  an  RC  circuit  to  integrate  the  total  power  in 
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Figure  20.  Frequency  scaling  with  waveguide  discharge 

current,  is  determined  by  observing  the  mm-wave 
output  with  an  array  of  waveguide  high-pass 
and  band-pass  filters. 
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Figure  21.  Frequency  scaling  with  discharge  current. 
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Figure  22.  Output,  frequency  scales  as  2l/p. 
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Figure  23.  Radiation  frequency  scales  as 
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each  shot,  and  this  number  was  then  averaged  over  ten  successive 
shots  using  the  computer.  The  results  are  plotted  in  Figure  24 
for  total  cathode  currents  (stia  of  both  B-beams)  of  2.8,  3.0, 

4.1,  8.6,  7.4,  and  8.5  A  (the  cathode  current  in  each  gun  is 
roughly  twice  the  injected  current  in  each  beam).  At  the  lowest 
current,  radiation  is  detected  only  for  As  the  beam 

current  is  increased,  the  beam-voltage  "tuning"  envelope  broadens 
and  suggests  the  generation  of  a  broad  spread  of  EPW  wave  numbers 
at  high  beam  current.  In  general,  however.  Figure  24  shows  that 
the  radiation  is  optimized  for  almost  equal. beam  voltages.  These 
data  contrast  sharply  with  the  solutions  presented  earlier,  which 
predicted  that  the  TMgx  mode  would  be  excited  at  V||^  =  65  kV  for 
=  18.8  kV  and  Uq  -  35  GHz.  Apparently,  the  beams  are 
exciting  higher  order  Til  modes  near  the  cutoff  frequency  of  the 
plasma-loaded  guide  where  k^sO  and  where  Bq.  (15)  requires 

v^''=v2V 

Figure  25  is  a  comparison  of  voltage  tuning  curves  at  high 
beam  currents  with  V^''s20  and  30  kV.  The  curves  nearly  overlap, 
indicating  that  a  substantial  spreading  in  k-space  has  occurred; 
that  is,  precise  beam  voltage  selection  rules  are  not  required 
because  a  broad  k-spectrum  is  generated  at  high  beam  currents . 

We  have  also  set  and  plotted  the  scaling  of 

millimeter-wave  power  with  beam  voltage.  The  results  at  30-GHz 
output  frequency  are  shown  in  Figure  26,  which  indicates  an 
optimum  beam  voltage  of  30  kV.  In  this  case,  very  little  change 
in  the  optimum  beam  voltage  setting  is  noted  as  the  beam  current 
is  increased  from  3.5  to  5.3  A.  We  repeated  the  experiment  at 
higher  waveguide  plasma  density  so  that  the  radiation  center 
frequency  is  at  60  GHz.  These  data  are  shown  in  Figure  27.  .Note 
that  at  higher  density  and  frequency,  the  optimum  beam  voltage 
has  shifted  to  41  kV. 

The  observed  scaling  of  mil lime ter -wave  power  with  beam 
voltage  (Figures  26  and  27)  can  be  explained  by  considering  the 
EPW  profile  that  is  excited  by  the  beams.  The  main  requirement 
for  high  power  emission  is  that  the  EPWs  overlap  spatially  so 
they  can  interact  to  generate  the  millimeter-wave  radiation 
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Figure  24.  B««m-vol't«s«  'tuning  for  «  10.6  kV. 
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general,  the  EPW  aaplitude  will  grow,  saturate,  and  then  decay 
along  the  beam  direction,  as  shown  schematically  in  Figure  28. 
When  the  beam  voltage  is  too  low,  the  EPWs  saturate  and  decay 
near  the  ends  of  the  waveguide  before  they  interact.  When  the 
voltage  is  too  high,  the  EPWs  require  a  long  distance  before  they 
can  grow  to  large  amplitude.  The  radiation  generated  under 
either  of  these  two  conditions  is  less  than  that  which  would  be 
obtained  if  the  optimum  beam  voltage  were  used.  At  the  optimum 
voltage  the  EPWs  overlap  near  the  waveguide  midplane  where  they 
have  the  largest  amplitude. 

Radiation  power  scaling  with  total  beam  current  (sum  of  the 
injected  beam  currents)  is  plotted  in  Figure  20.  There  are  three 
salient  features  of  the  scaling.  First,  there  is  a  sharp 
threshold  current  below  which  we  observe  no  detectable  power. 
Second,  once  the  threshold  current  of  ~3  A  is  reached,  the  power 
rises  rapidly  over  2  orders  of  magnitude.  Third,  just  above  3  A 
the  sharply  rising  curve  shifts  to  a  power  scaling  that  is 
approximately  proportional  to  I*,  where  is  the  sum  of  the 
currents  from  both  beams. 

The  current-threshold  effect  is  controlled  by  E-beam 
dynamics.  At  total  beam-current  values  below  3  A,  the  current  in 
each  beam  is  below  the  Bennett-pinch  current  of  1.5  A.  In  this 
regime  the  beam  channel  is  broad,  the  beam  density  is  low,  the 
beam-plasma  interaction  is  weak,  and  the  millimeter-wave  power  is 
below  our  detection  threshold.  When  the  current  in  each  beam 
reaches  l.S  A  (3.0-A  total),  the  beam  rapidly  collapses,  the  beam 
density  increases  sharply,  the  beam-plasma-instability  growth 
rate  increases,  and  the  millimeter-wave  radiation  suddenly  riees. 
Once  each  beam  becomes  fully  pinched  with  the  Bennett  equilibrium 
profile,  the  power  rises  more  slowly  and  we  observe  the  I* 
scaling  for  up  to  5  A. 

In  Figure  30  we  have  extended  the  power  scaling  to  hi  gher 
total  beam  currents  and  we  have  plotted  the  scaling  for  different 
gases  including  hydrogen,  helium,  and  neon.  For  each  gas  species 
the  same  current-threshold  phenomena  is  observed.  The  data  also 
indicate  that  the  power  increases  with  ion  mass. 
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density.  Radiation  power  is  optimized  for  beam 
voltages  which  overlap  the  envelopes  of 
plasma-wave  energy  density  near  the  waveguide 
midplane . 


A-53 


The  most  significant  result  of  this  scaling  experiment  is 
that  at  the  highest  beam  currents  available,  the  millimeter-wave 
power  is  still  increasing  rapidly  with  beam  current.  At  7  A  in 
helium,  for  example,  we  estimate  peak  power  levels  of  8  kW  at 
31  GHz  with  peak  efficiency  of  4%  within  the  plasma-loaded 
waveguide.  If  the  power  continues  to  scale  as  I*,  the  efficiency 
will  increase  as 

Because  the  pinched-beam  cross-section  is  so  small, 
radiation  generation  should  strongly  depend  on  the  relative  beam 
positions  inside  the  waveguide.  To  investigate  this  issue,  we 
installed  beam-steering  coils  along  the  waveguide  to  adjust  the 
radial  position  of  each  beam.  As  shown  in  Figure  31,  we  found 
that  a  displacement  of  one  beam  by  2  mm  increased  the  radiation 
power  by  3  dB.  When  the  beam  was  displaced  by  only  1.2  cm,  the 
radiation  level  fell  below  our  detection  threshold.  This  simple 
experiment  drastically  demonstrates  that  beam  dynamics  play  a 
dominant  role  in  the  plasma  three-wave  mixing  process. 
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Radiation  with  frequenci«a  rajxging  from  6  to  60  GHs  is 
gsner&ted  by  the  nonlinear  interaction  of  counterpropagating, 
B-beaa-excited  EPWs  in  a  plasma-loaded  waveguide.  The  radiation 
frequency  is  found  to  be  twice  the  waveguide  plasma  frequency. 

The  radiation  is  strongly  amplitude  modulated,  and  modulation 
pulse  width  and  IPP  are  related  to  the  ion  mass.  Ion  dynamics 
clearly  play  a  role  in  determining  the  characteristics  of  the 
radiation.  A  beam-current  threshold  of  about  3  A  for  radiation 
emission  is  consistent  with  the  Bennett  pinching  of  the  beam;  the 
pinched  beam  has  increased  beam  density,  which  leads  to  larger 
EPW  growth  rates  and,  consequently,  to  higher  radiation  powers. 
Above  the  beam  threshold  current,  the  radiation  power  increases 
as  I*  up  to  the  maximum  beam  current  available  (~10  A) .  Beam 
voltage  tuning  curves  validate  the  model  that  the  EPW  growth 
rates  determine  an  optimum  beam  voltage  for  radiation  generation. 

Unprecedentedly  high  radiation  power  (<8  kW)  and  high  beam- 
to-radiation  power  conversion  efficiency  (<4X)  is  estimated. 

This  could  be  the  result  of  the  high  background  gas  pressures 
required  for  efficient  plasma  production.  The  high-pressure  gas 
increases  the  threshold  of  the  modulational  instability,  which 
would  otherwise  limit  the  peak  EPW  amplitude.  Since  larger- 
amplitude  EPWs  can  be  excited,  higher  radiation  powers  are 
produced . 
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